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INTRODUCTION 

Due  to  ethical  reasons,  limited  studies  have  been  carried  out  in  understanding  the  detailed  mechanistic 
actions  of  SM  using  human  skin.  Therefore,  an  ideal  approach  to  identify  molecular  and  biochemical 
pathways  of  sulfur  mustard  (SM)-induced  vesication  would  be  to  use  engineered  human  skin  which 
mimics  the  clinical  and  histologic  features  of  this  tissue.  During  the  course  of  the  past  year,  our 
laboratory  has  extensively  studied  skin  pathophysiology  in  response  to  SM  by  adapting  in  vivo, 
human  skin/nude  mouse  chimera,  which  display  many  features  of  human  skin  to  further  our 
understanding  of  mechanisms  of  SM-induced  vesication  of  human  skin.  In  doing  so,  we  have 
established  dose/time  responses  of  these  human,  skin-like  tissues  following  exposure  to  SM  vapor  and 
have  characterized  prevesicating  and  post-vesicating  doses  leading  to  early  cell  injury  and  which  in  turn 
initiate  events  leading  to  subsequent  dermal-epidermal  separation.  We  have  accomplished  this  by 
establishing  the  baseline  response  of  normal  skin  keratinocytes  to  SM  by  identifying  apoptotic  and 
basement  membrane  changes  that  are  associated  with  the  earliest  events  in  lesion  formation.  Our  studies 
have  provided  important  proof  of  concept  that  novel  in  vivo  skin-like  tissue  models  mimic  tissue 
alteration  previously  found  in  animal  models  of  SM  response  of  skin.  Furthermore,  we  have  developed 
and  tested  new  tissue  models  designed  to  study  how  basement  membrane  proteins  alter  SM- 
induced  selectivity  of  basal  cells  and  how  wound  response  is  impaired  after  exposure  to  SM.  These 
human  tissue  models  will  be  of  great  help  in  understanding  the  functional  mechanisms  of  SM  injury  and 
in  testing  new  countermeasures  to  limit  morbidity  and  mortality  due  to  SM. 

body^parLQM 

Task  8:  To  develop  and  construct  novel  human  tissue  models  with  and  without  basement  membrane 
to  determine  the  role  of  basement  membrane  components  on  the  survival  of  human  keratinocytes  in 
response  to  sulfur  mustard. 

Task  8:  To  determine  how  the  presence  or  absence  of  basement  membrane  effects  the  response  of 
skin-like  tissues  to  SM  exposure. 

INTRODU CTION  -  The  maintenance  of  human  epidermis  is  dependent  on  the  regulation  of 
keratinocyte  proliferation,  terminal  differentiation  and  survival.  The  findings  described  above  have 
demonstrated  that  not  all  basal  keratinocytes  in  human  skin  exposed  to  sulfur  mustard  were  susceptible  to 
cellular  damage  and  apoptosis.  This  suggested  that  interactions  between  basal  keratinocytes  and 
basement  membrane  or  extracellular  matrix  proteins  might  control  the  capacity  of  cells  to  survive 
exposure  to  SM.  Conversely,  other  cellular  interactions  with  connective  tissue  components  may  be 
linked  to  the  inability  to  survive  exposure  to  SM.  A  very  important  goal  of  our  studies  is  to  determine 
cellular  signals  that  direct  the  survival  response  to  SM  exposure.  Since  we  found  in  our  in  vivo  studies 
that  only  specific  subsets  of  basal  keratinocytes  underwent  cellular  damage  leading  to  apoptosis,  we  are 
well-poised  to  define  which  extracellular  matrix  (ECM)  or  basement  membrane  (BM)  components  can 
provide  survival  signals  which  would  protect  cells  when  challenged  with  SM. 

The  cutaneous  basement  membrane  zone  is  a  complex  network  of  macromolecules  that  promotes  cell 
adhesion,  tissue  organization  and  modulates  keratinocyte  growth  and  differentiation.  A  central  goal  of 
our  research  is  to  use  our  knowledge  of  basement  membrane  biology,  and  specifically  the  role  of 
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individual  BM  components  to  further  understand  how  basement  membrane  directs  the  survival  or  death 
of  cells  exposed  to  SM.  To  address  this  directly,  we  have  developed  and  characterized  novel 
organotypic  tissue  models  for  human  epidermis  over  the  last  year  in  which  keratinoctyes  were  grown  on 
polycarbonate  membranes  coated  with  purified  ECM  or  BM  components  placed  on  a  contracted  collagen 
gel  which  has  been  repopulated  with  dermal  fibroblasts.  Using  these  tissue  models,  we  have  determined 
the  response  of  normal  human  keratinocytes  to  the  ECM  and  BM  substrates  as  a  preliminary  study  before 
determining  their  response  to  SM.  To  accomplish  this,  we  have  used  immunohistochemical, 
morphologic  and  biochemical  analyses  to  characterize  the  influence  of  these  ECM  and  BM  subtrates  on 
the  morphogenesis,  survival,  differentiation  and  growth  of  NHK.  We  have  observed  that  the  presence  of 
individual  BM  components,  such  as  Type  IV  and  laminin  1,  supports  keratinocyte  growth  and  survival  in 
a  way  similar  to  that  of  tissues  grown  on  intact  BM  on  de-epidermalized  dermis.  In  contrast,  tissues 
grown  in  organotypic  cultures  on  ECM  components  that  are  not  found  in  basement  membrane  did  not 
fUlly  support  cell  growth  and  survival  of  these  tissues.  We  are  now  well-poised  to  use  these  ECM/BM 
substrate-specific  human  tissue  models  to  determine  the  differential  susceptibility  of  tissues  grown  on 
various  connective  tissue  substrates  to  SM  damage. 

EXPERIMENTAL  RESULTS  : 

1  -  Basement  Membrane  and  Extracellular  Matrix  Components  Modify  Epidermal  Morphogenesis  - 
The  morphology  of  epithelial  tissues  generated  on  a  variety  of  connective  tissue  substrates  was  compared 
in  order  to  determine  the  effect  of  the  extracellular  matrix  microenvironment  on  normalization  of  tissue 
architecture.  When  keratinocytes  were  grown  on  an  acellular,  de-epidermalized  dermis  containing  pre¬ 
existing  basement  membrane  components  Collagen  IV,  VII  and  laminin  1  (Andriani  et  al.,  in  press,  see 
appendix),  the  epithelium  demonstrated  in  v/vo-like  tissue  architecture  and  organization,  as  seen  by  the 
presence  of  cuboidal  basal  cells  nested  in  undulating  rete  pegs  and  well-defined  spinous,  granular  layers 
and  an  orthokeratinized  stratum  comeum  (Figure  1A).  A  slightly  altered  pattern  of  morphologic 
differentiation  was  seen  when  cells  were  grown  directly  on  a  contracted  Type  I  collagen  gel  containing 
dermal  fibroblatsts.  However,  the  transition  between  strata  was  not  as  distinct  as  was  seen  in  AlloDerm 
cultures  and  no  polarization  of  the  basal  layer  was  observed  (Figure  IB).  When  keratinocytes  were 
seeded  onto  the  ECM  or  BM-coated  polycarbonate  membranes  the  morphology  of  epithelial  tissues 
varied  as  a  function  of  the  connective  tissue  substrate.  Tissues  grown  on  membranes  coated  with  the  BM 
components  Type  IV  Collagen  (Figure  IE)  or  Laminin  1  (Figure  IF)  demonstrated  morphologic  features 
most  similar  to  cultures  grown  on  de-epidermalized  dermis.  These  tissues  were  well-stratified  with 
polarized  basal  cells  and  a  well-formed  spinous  layer  In  contrast,  cultures  grown  on  fibronectin-coated 
membranes,  demonstrated  tissues  that  were  somewhat  thinner  and  less  organized  than  cultures  grown  on 
de-epidermalized  dermis  or  on  the  BM  proteins  that  demonstrated  flattened  basal  cells  and  poorly- 
organized  spinous  layer  (Figure  1H).  The  most  aberrant  morphology  was  seen  on  a  Type  I  collagen 
substrate  (Figure  ID),  where  the  cultures  demonstrated  a  thin  epithelium  characterized  by  non-polarized, 
flattened  basal  cells  and  very  thin  spinous  layer  and  stratum  comeum.  These  results  demonstrated  that 
epithelial  morphogenesis  and  tissue  architecture  were  dependent  on  the  nature  of  ECM  or  BM  proteins  at 
the  dermal-epidermal  interface.  The  presence  of  basement  membrane  proteins  enhanced  tissue 
organization  and  resulted  in  normalization  of  tissue  morphology. 

2  -  Reduced  cell  gwwth  qnd_  elevated  apoptosis  were  present  only,  in  (issues  grown  on  proteins  notjound 
in  basement  membrane  (fibronectm  and  Type  I  collagen l  -  Growth  of  tissues  on  coated  insets  was 
determined  after  cultures  were  incubated  with  BrdU  for  6  hours  and  the  fraction  of  basal  cells  in  S-phase 
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nuclei  was  measured  following  staining  with  an  anti-BrdU  antibody  (Labelling  Index  =  LI)  (Figures  2 
and  5).  Tissues  grown  on  Type  IV  collagen  demonstrated  elevated  Lis  (27%)  that  were  comparable  to 
proliferative  indices  seen  for  AlloDerm  controls  (28%)  grown  on  pre-existing  basement  membrane 
components.  Proliferation  rate  was  greater  in  these  cultures  in  comparison  to  cells  grown  either  on 
contracted  collagen  gels  (26%)  or  on  Laminin  1  (23%).  Lower  Lis  were  seen  for  cultures  grown  on 
fibronectin  (16.5%)  and  Type  I  collagen  (15%).  These  findings  demonstrated  that  all  substrates 
maintained  the  growth  of  keratinocytes  and  that  levels  of  proliferation  were  roughly  correlated  with 
overall  tissue  thickness.  However,  the  presence  of  basement  membrane  components,  such  as  Type  IV 
collagen,  sustained  cell  growth  at  significantly  higher  levels  than  was  seen  in  the  presence  of  proteins  that 
are  not  normally  found  in  the  basement  membrane,  such  as  fibronectin  and  Type  I  collagen. 

In  situ  TUNEL  assay  was  used  to  determine  the  number  and  distribution  of  keratinocytes  that  have 
undergone  apoptotic  cell  death  when  tissues  were  grown  on  different  connective  tissue  substrates.  No 
TUNEL-positive  basal  cells  were  seen  when  cultures  were  grown  on  Type  IV  collagen  substrates,  and 
apoptotic  cells  were  only  seen  in  the  upper  layers  of  the  epithelium  (Figure  3,  arrow),  as  is  seen  in 
normal,  human  epithelium.  In  contrast,  roughly  6%  of  basal  cells  were  TUNEL-positive  and  nearly  3- 
fold  more  apoptotic  basal  cells  (17.5%)  were  seen  when  tissues  were  grown  on  fibronectin  (Figure  4  and 
5).  These  findings  demonstrated  that  the  BM  component  Type  IV  collagen  promoted  keratinocyte 
survival  while  ECM  components  that  are  not  normally  found  in  basement  membrane  were  not  able  to 
prevent  apoptotic  cell  death  of  basal  cells.  The  improved  tissue  architecture  seen  on  Type  IV  collagen- 
coated  membranes  have  demonstrated  that  normalization  of  tissue  morphogenesis  was  associated  with 
sustained  cell  proliferation  and  the  absence  of  basal  cell  death  (Figure  5). 

3-  Type  IV  collagen  immediately^  activates  AKT_  survival  signaling  pathway  -  A  very  important  goal  of 
our  studies  is  to  determine  cellular  signals  that  direct  the  survival  response  to  SM  exposure.  Since  we 
found  in  Part  I  that  only  specific  subsets  of  basal  keratinocytes  underwent  cellular  damage  leading  to 
apoptosis,  we  next  hoped  to  define  which  ECM  or  BM  components  would  provide  survival  signals  which 
would  protect  cells  when  challenged  with  SM.  In  an  effort  to  further  understand  the  role  of  Type  IV 
collagen  in  the  stimulation  of  keratinocyte  growth  and  survival  that  was  seen  in  organotypic  cultures,  we 
have  assayed  activity  of  AKT  in  monolayer  and  organotypic  cultures.  AKT  is  a  serine/threonine  kinase 
that  is  known  to  stimulate  cell  survival  and  proliferation  when  in  a  phosphorylated,  activated  form.  We 
utilized  an  assay  for  AKT  activity  which  measures  the  ability  of  this  kinase  to  phosphorylate  glycogen 
synthase  kinase  30  (GSK30).  Elevated  activity  of  AKT  would  thus  be  demonstrated  by  an  increased 
degree  of  GSK30  phosphoryation.  We  have  performed  two  assays  to  determine  which  ECM  or  BM 
coating  could  stimulate  AKT-mediated  signaling.  In  order  to  determine  the  response  of  AKT  when 
keratinocytes  were  grown  in  monolayer  culture,  cells  were  seeded  in  serum-free  media  on  plates  coated 
with  either  laminin  1,  Type  IV  collagen,  fibronectin.  Type  I  collagen  or  on  uncoated,  tissue  culture 
plastic  and  harvested  after  4  and  24  hours.  Only  cells  seeded  on  Type  IV  collagen  demonstrated  AKT 
activation  4  hours  after  seeding  while  other  substrates  demonstrated  very  minimal  or  no  activation 
(Figure  6A).  Since  the  anti-apoptotic  phenotype  demonstrated  by  Type  IV  collagen  was  shown  in 
organotypic  culture,  it  was  important  to  also  determine  whether  AKT  activation  occured  when  cells  were 
seeded  onto  coated  polycarbonate  membranes.  Only  Type  IV  collagen  showed  AKT  activity  within  30 
minutes  after  harvesting  cells  (Figure  6B).  By  2  hours  after  seeding,  cells  seeded  on  fibronectin  also 
demonstrated  AKT  activity  that  was  equivalent  to  cells  grown  on  Type  IV  collagen.  By  4  hours  after 
seeding,  low  levels  of  AKT  activity  were  seen  for  cells  grown  on  Type  I  collagen,  well.  However,  by  8 
hours  after  seeding,  AKT  levels  were  more  highly  elevated  in  cells  grown  on  fibronectin  and  Type  IV 
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collagen.  These  findings  demonstrated  that  keratinocyte  survival  on  Type  IV  collagen  was  associated 
with  the  immediate  upregulation  of  AKT  activity.  In  this  light,  AKT  activity  has  proven  to  be  a  useful 
marker  in  determining  survival  response  of  keratinocytes  to  SM. 

4  -  Only  Type  IV  collagen  is  permissive  for  synthesis  and  deposition  of  proteins  required  for  basement 
membrane  assembly  —  Tissues  fabricated  on  coated  polycarbonate  membranes  were  stained  using 
immunohistochemistry  technique  to  determine  the  synthesis  and  deposition  of  basement  membrane 
components.  Tissues  grown  on  Type  I  collagen,  Type  IV  collagen  and  fibronectin  all  demonstrated 
linear  deposition  of  laminin  5  when  stained  with  an  antibody  that  detects  the  intact  laminin  5  heterotrimer 
(Figure  7).  This  pattern  was  similar  to  that  seen  for  cultures  grown  on  AlloDerm  (Figure  8)  and 
contracted  collagen  gels  and  showed  that  laminin  5  secretion  was  independent  of  the  nature  of  ECM 
proteins  present  when  cultures  were  initiated.  A  similar  pattern  of  expression  and  deposition  was  seen 
when  cultures  were  stained  with  an  antibody  directed  against  the  y2  chain  of  laminin  5  (Figure  8).  In 
contrast,  only  tissues  grown  on  Type  IV  collagen  substrates  demonstrated  a  significant  upregulation  of 
the  a6  integrin  subunit,  which  is  the  basement  membrane  receptor  for  laminin  5.  Expression  of  this 
subunit  was  significantly  elevated  in  basal  keratinocytes  grown  on  Type  IV  collagen-coated  inserts, 
which  demonstrated  intense,  cytoplasmic  staining  in  basal  cells  (Figure  9)  and  some  deposition  on  the 
coated  membrane  (Figure  9).  This  intensity  of  stain  was  similar  to  that  seen  for  tissues  grown  on 
AlloDerm,  which  showed  linear  deposits  of  a6  integrin  subunit  and  was  more  continuous  than  the 
punctuate  staining  seen  when  tissues  were  grown  on  contracted  collagen  gels.  In  contrast,  tissues  grown 
on  Type  I  collagen-coated  membranes  demonstrated  minimal  production  of  a6  integrin  that  was  limited 
to  the  cytoplasm  while  fibronectin-coated  membranes  showed  no  synthesis  or  deposition  of  a.6  integrin. 
This  showed  that  while  all  substrates  were  permissive  for  the  deposition  of  laminin  5,  co-localization 
with  its  integrin  pair  was  only  seen  when  pre-existing  basement  membrane  proteins  or  Type  IV  collagen 
were  present.  Since  we  have  previously  shown  that  AlloDerm  tissues  that  co-localization  of  a6  integrin 
and  laminin  5  were  associated  with  BM  assembly  (Andriani  et  al,  see  appendix),  this  suggests  that  only 
the  presence  of  pre-existing  BM  components,  such  as  Type  IV  collagen,  will  allow  this  to  occur. 

Western  blot  analysis  of  tissues  grown  on  coated  inserts,  contracted  collagen  gels  and  AlloDerm  were 
performed  to  determine  the  absolute  amounts  of  laminin5  produced  on  these  substrates.  This  was 
accomplished  by  performing  immunoblot  analysis  using  an  antibody  recognizing  the  short  arm  of  the  y2 
chain  of  laminin  5  to  demonstrate  the  unprocessed  (155kD)  and  unprocessed  (105kD)  forms  of  this 
molecule.  Total  laminin  5  was  significantly  upregulated  for  cultures  grown  on  AlloDerm  and  contracted 
collagen  gels.  Lower  levels  of  laminin  5  production  were  seen  for  cultures  grown  on  Type  IV  collagen 
and  fibronectin,  which  synthesized  similar  amounts  of  this  protein.  These  levels  of  expression  were  4- 
fold  greater  than  those  seen  for  cultures  grown  on  Type  I  collagen.  When  the  ratio  of  processed  to 
unprocessed  forms  were  calculated,  very  little  processed  form  of  the  y2  chain  of  laminin  5  was  seen  for 
cultures  grown  on  Type  1  collagen  membranes  (ratio=1.06).  A  three-fold  increase  in  processing  was 
seen  for  cultures  grown  on  Type  IV  collagen  membranes  (ratio=3.04)  and  fibronectin  (ratio=2.01).  This 
demonstrated  that  while  total  production  of  laminin  5  was  highest  on  AlloDerm  and  contracted  collagen 
gels.  Type  IV  collagen  substrates  induced  a  greater  degree  of  synthesis  and  processing  than  tissues  grown 
on  Type  I  collagen. 

The  presence  of  other  proteins  found  in  basement  membrane  showed  a  variable  pattern  of  expression. 
Laminin  1  (Figure  12)  and  Type  VII  collagen  (Figure  13)  were  found  in  basal  cells  grown  on  fibronenctin 
and  Type  I  and  IV  collagens.  However,  the  distribution  of  these  proteins  was  restricted  to  the  cytoplasm 
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and  was  not  deposited  at  the  basement  membrane  interface,  as  was  seen  for  tissues  grown  on  AlloDerm 
and  on  contracted  collagen  gels.  In  distinction,  deposition  of  Type  IV  Collagen  (Figure  14)  was  not 
seen  in  tissues  grown  on  fibronectin  and  Type  I  collagen  .  These  findings  suggested  that  proteins  present 
in  native  basement  membrane,  such  as  Type  IV  Collagen,  were  required  for  the  normalized  deposition  of 
other  BM  components.  In  this  light,  the  synthesis,  secretion  and  processing  of  a  broader  complement  of 
these  proteins  could  only  occur  in  the  presence  of  pre-existing  basement  membrane  components. 

5  -  Expression  of  epidermal  differentiation  markers-  To  determine  if  differences  in  tissue  architecture 
seen  when  cultures  were  grown  on  different  stromal  substrates  were  associated  with  aberrant  keratinocyte 
differentiation,  immunofluorescent  studies  were  performed  to  map  the  distribution  of  markers  of  early 
(keratin  1=K1)  and  late  (filaggrin)  markers  of  keratinocyte  differentiation.  All  cultures  grown  on  coated 
membranes  demonstrated  normalized,  strata-specific  expression  of  K1  and  FIL.  Expression  of  these 
markers  occurred  regardless  of  the  overall  thickness  of  the  tissue  and  were  similar  to  the  distribution  seen 
in  AlloDerm  controls  (Figure  15).  For  example,  well-organized,  thicker  tissues  such  as  those  grown  on 
Type  IV  Collagen,  laminin  1  and  on  a  mixture  of  fibronectin  and  collagen  1  demonstrated  expression  of 
K1  in  immediate  suprabasal  layers  of  the  epithelium  in  a  pattern  similar  to  those  seen  for  cultures  grown 
on  AlloDerm  and  directly  on  the  contracted  Type  I  collagen  gel.  Interestingly,  thinner  and  more  poorly- 
organized  tissues,  such  as  those  grown  on  fibrillar  Type  1  collagen.  Type  I  collagen  and  fibronectin  also 
showed  K1  expression  that  was  limited  to  suprabasal  cells  as  seen  by  the  presence  of  this  protein  in  cells 
immediately  above  the  basal  layer.  This  demonstrated  that  appropriate  K1  expression  was  independent 
on  ECM  or  BM  substrate  or  on  overall  tissue  thickness.  In  a  similar  manner,  expression  of  FIL  was  seen 
in  tissues  grown  on  all  substrates  in  a  distribution  which  extended  from  the  mid-spinous  to  the  surface 
layers,  in  a  pattern  which  mimicked  that  seen  in  AlloDerm  and  collagen  gels  (Figure  11).  Taken 
together,  these  findings  show  that  expression  of  markers  of  keratinocyte  differentiation  was  independent 
of  the  presence  of  particular  ECM  or  BM  components. 

PROBLEMS  ENCOUNTERED:  The  development  of  the  tissue  models  described  have  proceeded 
without  significant  problems  or  delays.  At  the  outset,  we  attempted  to  establish  these  cultures  in  the 
presence  of  fibroblasts  that  grew  directly  on  the  plastic  surface  under  the  insert  containing  the  epithelial 
cells,  without  embedding  fibroblasts  in  contracted  gels,  that  would  serve  as  controls.  However,  these 
tissues  underwent  minimal  stratification,  indicating  that  fibroblasts  needed  to  be  in  contracted  collagen 
gels  for  optimization  of  tissue  growth  and  morphology.  As  a  result,  all  experiments  were  conducted  by 
placing  contracted  collagen  gels  under  the  coated  polycarbonate  membranes.  We  are  now  ready  to  begin 
conducting  studies  using  SM  in  our  own  facility  to  test  the  response  of  these  tissues  to  SM  doses.  The 
onset  of  this  work  has  been  delayed  for  several  months  by  unexpected  delays  in  the  construction  of  our 
facility.  Thanks  to  the  diligence  of  Mr.  Ben  Casole  and  his  staff,  we  were  recently  approved  for  the  use 
of  SM  in  our  lab  and  expect  to  begin  this  work  this  month. 

NEXT:  The  establishment  of  three-dimensional  tissue  models  of  normal  human  keratinocytes  grown  on 
individual  basement  membrane  components  or  extracellular  matrix  proteins  has  opened  new  avenues  for 
directly  assessment  of  cellular  pathways  that  are  associated  with  targeted  cell  injury  induced  by  SM.  Our 
next  step  will  be  to  determine  SM  doses  which  will  allow  us  to  model  cell  and  tissue  alterations  seen  in 
our  in  vivo  studies.  Once  dose  ranges  have  been  established  for  these  in  vitro  studies,  we  will  be  able  to 
assess  SM  response  to  tissues  grown  on  intact  BM,  partially-formed  basement  membrane  or  on  individual 
proteins  which  are  either  components  of  BM  (Type  IV  collagen)  or  are  not  found  in  BM  (Type  I 
collagen).  The  studies  listed  above  will  serve  as  an  important  baseline  to  measure  the  tissue  response  to 
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SM  and  all  assays  have  been  well-established  to  determine  cell  survival,  growth  and  differentiation  in 
response  to  SM  exposure  as  outlined  in  TASK  8B  of  the  Statement  of  Work. 

BODY-PARTTWO 


TASK  1:  To  determine  the  dose/time  responses  of  normal  human  skin-like  tissues  comprised  of  normal 
keratinocytes  following  exposure  to  SM. 

TASK  1:  To  determine  the  alterations  in  basement  membrane  structure  and  function  and  associated 
changes  in  apoptotic  cell  death  following  exposure  of  grafted  human  skin-like  transplants  to  sulfur 
mustard 

INTRODUCTION:  The  goal  of  these  studies  was  to  determine  the  pathophysiology  of  SM-induced 
cutaneous  lesions  on  human  skin  grafts  that  were  generated  as  three-dimensional,  organotypic  cultures 
that  were  transplanted  to  nude  mice.  Until  now,  a  variety  of  animal  models  have  been  the  mainstay  of 
studies  directed  at  determining  the  effects  of  SM  on  human  skin.  Our  previous  studies  have  shown  that 
this  human  tissue  model  demonstrates  features  that  are  remarkably  similar  to  the  response  seen  in  these 
models  of  SM-exposure.  This  has  been  accomplished  by  performing  time-course  studies  that  have 
characterized  the  morphologic,  immunohistochemical  and  apoptotic  response  to  SM. 

EXPERIMENTAL  RESULTS: 

l.Graftim  organotypic  cultures  to  nude  mice  and  exposing  grafts  to.  neat  Sulfur  Mustard  -  Organotypic 
cultures  were  fabricated  and  transplanted  to  nude  mice,  forming  stable  surface  grafts  with  the  clinical 
appearance  of  normal  skin  and  all  histologic  features  of  normal  epithelial  and  dermal  compartments.  The 
rapid  normalization  of  the  epidermal  and  stromal  compartments  of  these  grafts,  the  ultrastructural 
evidence  of  intact  basement  membrane  (see  Appendix,  in  press )  and  the  presence  of  stem  cells  in  their 
normal,  basal  position  allows  study  of  SM  effects  on  this  tissue.  A  total  of  1 15  animals  were  grafted  and 
78  were  used  for  the  SM  exposure  experiments.  These  experiments  were  performed  at  Medical  Research 
and  Materiel  Command  in  Aberdeen,  MD  by  Dr.  John  Petrali  and  Tracey  Hamilton.  Animals  were 
shipped  to  Aberdeen  three  to  six  weeks  after  grafting.  Mice  were  anesthetized  and  the  graft  was  exposed 
to  a  vapor  of  neat  SM  or  to  a  sham  exposure  with  no  SM.  Grafts  were  exposed  to  SM  vapor  by  wetting  a 
disc  of  Whatman  filter  paper  (#2)  that  was  placed  into  a  polyethylene  cap  (Colubia  Diagnostics  Inc, 
Springfield,  VA)  with  lOul  of  neat  SM.  These  vapor  caps  were  placed  over  the  graft  site  and  adjacent 
mouse  skin  and  were  secured  with  double-sided  tape.  The  dose  of  SM  administered  was  established  by 
varying  the  duration  of  exposure  to  the  HD  vapor.  After  removal  of  the  caps,  mice  were  placed  in 
individual  holding  cages  under  a  connecting  hood  to  allow  elimination  of  any  residual  SM.  At  the 
appropriate  post-exposure  times  (see  below),  mice  were  euthanized  and  grafts  and  a  border  of  adjacent 
mouse  skin  were  removed  with  a  dermatologic  punch.  Skin  specimens  were  cut  in  half  and  either  fixed 
in  10%  neutral  buffered  formalin  or  snap  frozen  in  liquid  nitrogen  after  being  placed  in  2M  sucrose 
overnight.  Morphology  was  studied  after  H  and  E  staining  and  immunohistochemical  stains  were 
performed  from  either  paraffin-embedded  specimens  (Laminin  1)  or  from  non-fixed,  frozen  specimens 
(laminin  5,  Type  IV  collagen.  Type  VTI  collagen).  In  situ  TUNEL  assay  was  performed  using  ISOL  (in 
situ  oligo  ligation)  end-labeling  and  immunoperoxidase  detection  of  apoptotic  cells  in  paraffin  sections. 
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Numbers  of  apoptotic  cells  were  calculated  by  counting  1000  nuclei  present  in  four  serial  sections  that 
were  each  100  um  apart. 

2  PreUmingry.  experiments  to  determine  effective  dose  of  SM  -  Since  the  SM  dose  at  which  tissue 
damage  of  human  grafts  would  occur  was  not  known,  it  was  first  important  to  establish  the  dose  of  SM 
vapor  exposure  and  times  after  exposure  that  would  demonstrate  meaningful  pathologic  alterations  in 
grafted  skin.  Based  on  previous  work,  the  following  parameters  of  exposure  were  first  tested  in  27  nude 
mice  to  test  each  condition  in  triplicate. 


Time  after  exposure 


12  hours 

2  min 

5  min 

10  min 

48  hours 

2  min 

5  min 

10  min 

14  days 

2  min 

5  min 

10  min 

Grafts  were  exposed  to  SM  for  two  minutes  and  were  excised  after  either  12  hours  or  48  hours  yielded 
little  damage  to  the  epithelium  (Figure  16).  While  no  alterations  in  epithelial  architecture  or  in  individual 
cells  was  seen  12  hours  after  exposure,  several  pyknotic  nuclei  were  seen  in  the  epithelium  48  hours  after 
exposure.  This  suggested  a  positive  correlation  between  tissue  damage  and  the  length  of  time  after 
exposure.  However,  it  was  clear  that  higher  exposure  times  were  required  for  SM  to  induce  significant 
changes  in  tissue  structure.  Five  minute  exposures  produced  tissue  alterations  that  were  limited  to  the 
basal  cell  layer  and  were  characterized  by  the  presence  of  pyknotic  nuclei  that  were  seen  12  hours  after 
exposure.  By  14  days  after  SM  exposure,  pyknotic  nuclei  were  seen  at  this  dose  and  a  small  area  of 
microvesiculation  was  visible  beneath  the  basal  layer.  This  suggested  that  tissue  damage  was  increased 
as  the  length  of  time  after  exposure  was  increased.  Highest  doses  of  SM  (10  minutes)  demonstrated 
significant  tissue  alterations.  By  48  hours  after  exposure,  microvesicles  were  seen  that  contained 
numerous  changes  in  the  overlying  epidermal  cells.  These  changes  included  scattered  necrotic  basal  cells 
that  had  separated  from  adjacent  cells  and  basement  membrane  zone  and  the  presence  of  pyknotic  nuclei 
in  the  basal  and  superficial  layers  of  the  epithelium.  By  14  days  after  exposure,  the  epidermis  had 
completely  separated  from  the  dermis  and  eschar  was  seen  on  the  surface  of  the  grafts.  These  grafts 
demonstrated  large  numbers  of  pyknotic  fibroblasts  in  themost  superficial  layer  of  the  dermis. 
Interestingly,  none  of  the  exposures  demonstrated  a  significant  degree  of  inflammatory  infiltrate  or 
connective  tissue  edema,  suggesting  that  the  effect  seen  on  the  epithelium  was  due  to  direct  effects  on  the 
epithelium  and  not  to  secondary  effects  induced  by  release  of  mediators  from  inflammatory  cells.  Higher 
exposures  (5  min  and  10  min)  did  demonstrate  altered  fibroblasts  in  the  most  superficial  layer  of  the 
dermis  that  included  the  presence  of  pyknotic  nuclei. 

3.  A  prevesication  phase  characterized,  by.  selective  basaj  cell  death  is  induced  shortly  after  SM  exposure 
(6  hours}  while  a  post-vesication  phase  is  only_  seen  at  longer  latencies  (24  hours)  -  Based  on  the  findings 
from  the  first  experiment,  a  second  group  of  grafted  mice  were  exposed  to  SM  in  order  to  determine  if 
prevesication  and  post-vesication  phases  of  SM-induced  damage  could  be  seen  in  grafted  tissues.  The 
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goal  was  to  enable  examination  of  “initiating”  damage  to  the  epithelium  that  preceeded  vesicating 
damage,  so  that  in  early  changes  at  the  basement  membrane  interface  could  be  seen.  It  was  decided  that 
the  2  minute  exposures  did  not  provide  useful  tissue  changes,  but  that  exposures  in  the  range  of  5  to  10 
minutes  provided  such  a  window  through  which  the  two  phases  of  tissue  damage  could  be  documented. 
In  addition,  since  significant  basal  cell  damage  was  seen  after  12  hours  and  microblisters  were  seen  as 
early  as  48  hours  after  exposure,  it  was  decided  to  study  the  effects  of  SM  as  early  as  6  hours  after 
exposure.  This  experiment  was  performed  as  follows  on  a  total  of  27  grafted  mice: 

Time  after  exposure  Length  of  exposure 


6  hours 
24  hours 


8  min  10  min  12  min 
5  min  8  min  10  min 


1.  Morphologic  response  6  hours  after  SM  exposures  -  Three  mice  were  exposed  for  either  8 
minutes  (Figure  17),  10  minutes  (Figure  18)  or  12  minutes  (Figure  19)  and  were  analyzed  by 
Hematoxylin  and  Eosin  staining.  When  seen  6  hours  after  SM  exposure,  cellular  damage  was 
completely  confined  to  the  basal  cell  layer  of  the  epidermis  as  suprabasal  layers  showed  normal  tissue 
integrity  and  no  structural  alterations  or  damaage.  Pyknotic  nuclei  were  confined  to  the  basal  layer  and 
were  not  accompanied  by  evidence  of  changes  in  the  cytoplasm  suggestive  of  necrosis.  The  distinct 
compartmentalization  of  damaged  cells  to  the  basal  layer  was  very  striking.  In  addition,  the  damage  to 
basal  cells  appeared  to  be  selective,  as  isolated  individual  cells  and  clusters  of  basal  cells  demonstrated 
evidence  of  nuclear  damage.  Changes  in  nuclear  morphology  did  not  vary  significantly  between 
exposure  times.  In  contrast,  control,  sham-exposed  grafts  demonstrated  normal  tissue  morphology. 
Pyknotic  nuclei  were  present  as  solitary  cells  and  in  small  clumps  along  the  basal  layer  of  each  graft. 
This  demonstrated  that  early  cellular  damage  in  response  to  SM  was  selective  in  several  regards  - 
selectively  nuclear,  selective  to  the  basal  compartment  and  selective  to  groups  of  cells  within  the  basal 
layer.  This  suggests  that  there  is  a  tissue  susceptibility  that  drives  early  events  in  SM-induced  injury  in 
which  subsets  of  basal  cells  are  susceptible  to  cell  death  while  others  are  protected,  perhaps  by 
intracellular  survival  signals. 

2.  Morphologic  reponse  24  hours  after  SM  exposures  -  In  contrast  to  the  specimens  which  were 
sampled  at  6  hours  after  exposure,  grafts  studied  24  hours  after  exposures  to  SM  showed  significantly 
greater  degrees  of  tissue  damage.  These  changes  were  seen  even  after  relatively  short  exposure  times  (5 
min)  and  included  the  presence  of  pyknotic  nuclei  in  all  layers  of  the  epithelium  that  were  especially 
concentrated  in  the  basal  and  suprabasal  layers  (Figure  21).  These  tissues  demonstrated  necrosis  and 
ballooning  degeneration  of  basal  cells  that  were  associated  with  their  separation  from  the  basement 
membrane  zone.  These  areas  of  separation  appeared  as  well-defined  microvesicles  after  both  8  minute 
(Figure  22)  and  10  minute  exposures  (Figure  23).  This  demonstrated,  a  dose-dependent  effect  on  tissue 
damage  that  was  correlated  to  SM  dose  24  hours  after  exposure  to  the  agent.  In  addition,  the  degree  of 
epidermal  necrosis  was  correlated  with  dermal-epidermal  separation  as  seen  by  areas  of  microscopic 
vesication  seen  with  necrosis  of  the  overlying  epidermis.  Fibroblasts  in  the  upper  dermis  demonstrated 
large  numbers  of  pyknotic  nuclei.  Inflammatory  infiltrate  was  still  somewhat  sparse,  but  was  greater  than 
in  tissues  sampled  6  hours  after  exposure.  These  findings  demonstrated  that  a  time  interval  of  greater 
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than  6  hours  was  needed  to  induce  vesication  at  the  dermal-epidermal  interface.  This  showed  that  the 
pre-vesication  phase  of  tissue  damage  seen  at  6  hours  was  necessary  to  initiate  lesions  but  was  not 
sufficient  to  cause  vesication.  This  suggested  that  vesication  was  not  an  immediate  response  to  SM 
exposure  but  was  rather  preceded  by  precursor  lesions  in  the  basal  layer  that  were  targeted  to  specific 
subsets  of  basal  cells.  This  early  initiating  damage  represents  an  early  window  of  cellular  changes  that 
may  represent  the  target  population  of  cells  that  are  susceptible  to  early  damage.  Subsequently,  a  short 
latent  period  was  required  for  the  more  complete  manifestation  of  SM-induced  tissue  damage. 

4  -  Dose-independent,  apoptotic  cell  death  was  restricted  to  selected  populations  of  basal  cells  shortly. 
after  SM  exposure  (6  hours \  while  vesication-associated  apoptosis  occurs  in  a  dose-dependent  manner 
after  Imger  latencies  (24  hours )  -  We  performed  a  time-course  study  in  which  tissues  from  the  above 
Experiment  2  were  stained  by  in  situ  TUNEL  assay  to  detect  apoptotic  cells.  Measures  of  TUNEL- 
positive  cells  were  calculated  as  both  the  percentage  of  total  numbers  of  apoptotic  cells  seen  throughout 
the  tissue  in  basal  and  suprabasal  layers  (Figure  24)  and  as  the  percentage  of  basal  cells  that  were 
apoptotic  (Figure  25).  Sham-exposed  grafts  were  used  as  controls.  By  6  hours  after  the  8  min  SM 
exposure,  roughly  5%  of  basal  cells  were  TUNEL-positive.  Interestingly,  percentages  of  apoptotic  cells 
did  not  increase  with  increased  length  of  exposure,  suggesting  that  there  was  a  threshold  number  of  basal 
cells  that  were  targeted  for  early  apoptosis  in  these  tissues.  On  the  other  hand,  a  sharp  increase  in  the 
percentage  of  TUNEL-positive  basal  cells  was  seen  after  24  hours  when  the  exposure  time  was  increased 
from  5  to  8  and  10  minutes.  An  even  more  dramatic  dose-dependency  was  seen  when  the  percentage  of 
total  apoptotic  cells  in  the  tissue  was  calculated.  The  percentage  of  TUNEL-positive  cells  seen  24  hours 
after  SM  exposure  was  5%  for  exposures  of  5  min,  15%  for  exposures  of  8  min  and  35  %  for  10  minute 
exposures.  All  of  the  apoptotic  cells  seen  after  5  minute  exposures  were  found  in  the  basal  cell  layer  and 
were  associated  with  a  lack  of  vesication.  In  contrast,  most  apoptotic  cells  seen  after  8  and  10  minute 
exposures  were  found  in  the  suprabasal  layers  and  were  associated  with  vesication.  The  finding  that  only 
a  small  subset  of  cells  was  effected  6  hours  after  exposure  in  a  dose-independent  manner  suggested  that  a 
limited  number  of  cells  was  susceptible  to  the  initial  effects  during  the  prevesicant  stage.  The 
significantly  greater  numbers  of  apoptotic  cells  seen  24  hours  after  SM  exposure  suggested  that  a 
majority  of  these  damaged  cells  were  the  result  of  secondary  effects  and  were  not  directly  caused  by  SM 
exposure.  We  have  found  that  at  the  prevesication  stage,  subsets  of  basal  cells  have  already  been  targeted 
for  cell  death  and  have  undergone  apoptosis.  This  represents  only  a  fraction  of  the  total  number  of 
apoptotic  cells  that  are  present  a  the  subsequent  vesication  stage,  suggesting  that  additional  apoptotic 
events  occur  after  this  initiating  damage.  These  findings  confirm  previous  results  performed  in  hairless 
guinea  pigs  that  demonstrated  that  apoptotic  pathways  are  involved  in  the  cytotoxic  death  of  basal  cells. 

5.  Inununohistochemical  analysis,  of  basement  rnembrane  proteins  after_  SM  exposure  demonstrated^  that 

initial  apoptotic  response  to  SM  occurs  before  significant  basement  membrane  disruption . - 

Immunohistochemical  stains  for  basement  membrane  proteins  were  performed  on  exposed  grafts  in  order 
to  correlate  specific  alterations  in  these  proteins  with  prevesication  and  post-vesication  damage  in  these 
tissues.  Specifically,  tissues  were  stained  for  laminin  5,  Type  VII  Collagen  and  Type  IV  Collagen,  using 
the  antibodies  listed  in  the  Table  below.  Non-fixed,  frozen  sections  were  stained  using  the  GB3  antibody 
to  detect  the  intact  laminin  5  heterotrimer.  At  6  hours  after  exposure,  neither  grafts  exposed  for  8  min 
nor  10  min  demonstrated  any  disruption  of  laminin  5  staining  (Figure  26).  Laminin  5  was  deposited  in  a 
linear  distribution  along  the  basement  membrane  zone  in  a  pattern  which  was  identical  to  that  seen  in 
sham-exposed  controls.  Staining  with  an  antibody  directed  against  the  y2  chain  of  laminin  5  (SE144) 
revealed  similar  findings  (data  not  shown).  Similarly,  staining  for  Type  VII  Collagen  was  linear  and  not 
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disrupted  during  this  prevesication  stage  (6  hours  post-exposure)  after  both  8  min  and  10  min  exposures 
in  a  pattern  similar  to  sham-exposed  controls  (Figure  26).  In  contrast,  at  24  hours  post-exposure  both 
laminin  5  and  Type  VII  Collagen  was  disrupted.  This  distribution  was  characterized  by  skip  areas  in 
which  no  stain  was  seen,  as  well  as  areas  of  broadened  and  diffuse  staining  and  decreased  linear  staining. 
These  results  suggested  that  the  initial  apoptotic  response  to  SM  seen  in  basal  cells  occured  before 
significant  basement  membrane  disruption  and  is  independent  of  it.  These  results  were  supported  by 
stains  with  an  antibody  directed  against  laminin  1,  which  were  performed  on  pararffin-embedded  tissues 
after  pepsin  digestion  (Figure  27).  Tissues  stained  after  being  exposed  to  SM  for  either  8  min  or  12  min 
did  not  show  disruption  of  laminin  1,  6  hours  after  exposure  and  appeared  similar  to  sham-treated 
controls.  In  contrast,  grafts  exposed  to  SM  for  either  5  min,  8  min  or  10  min  showed  focal  areas  of 
disruption  of  Type  IV  collagen  deposition  24  hours  after  SM  exposure.  This  was  particularly  at  the  8 
minute  exposure,  where  less  immunoreactive  material  was  seen  along  the  basement  membrane  at  the 
floor  of  the  microvesicle.  When  TUNEL  and  laminin  1  stains  were  performed  on  adjacent  serial  sections 
of  24  hour  post-exposure  grafts,  a  discontinuous  laminin  1  stain  was  found  to  be  associated  with  the 
presence  of  numerous  apoptotic  cells  that  had  detached  from  the  basement  membrane  (Figure  28).  In 
contrast,  laminin  1  stain  was  still  continuous  during  the  prevesication  stage  (6  hours  post  SM-exposure), 
where  several  basal,  apoptotic  cells  were  seen.  This  supported  the  view  that  basement  membrane  was 
largely  intact  during  events  leading  to  basal  cell  apoptosis  and  disruption  of  this  structure  only  occurred 
after  a  period  of  latency. 

Antibodies  used  to  detect  basement  membrane  components 


Antibody 

Specificity 

Source 

GB-3 

Complete  heterotrimer  of  laminin-5 

KfiJi  ^ | 

SE-144 

Gamma  2  subunit  laminin-5 

G.  Meneguzzi 

MoAb 

Type  IV  collagen 

MoAb 

Type  VII  collagen 

Sigma  Inc. 

MoAb 

Laminin- 1 

Sigma 

PROBLEMS  ENCOUNTERED  -  Considering  the  logistical  challenge  posed  by  grafting 
animals  in  our  facility  and  exposing  them  at  Aberdeen,  the  progress  of  this  work  has  been 
extremely  good.  This  is  due  to  the  outstanding  logistical  assistance  given  by  Dr.  John  Petrali  and 
Tracey  Hamilton,  who  performed  the  exposures  in  their  facility.  Several  grafted  animals  died  in 
transit  and  several  other  grafts  were  lost  before  exposures  could  be  given.  With  this  in  mind,  we 
will  ensure  that  grafts  are  stable  before  shipping  the  next  sets  of  mice  that  will  be  grafted  with 
JEB  cells  and  normal  keratinocytes.  This  will  ease  the  logistical  burden  by  knowing  in  advance 
the  number  of  mice  that  will  be  exposed  to  SM. 

NEXT  -  Having  constructed  skin-like  models  containing  JEB  keratinocytes  during  Year  I  of 
these  studies  (Task  2)  and  by  establishing  dose/time  levels  of  SM  which  can  induce  subvesicating 
(prevesication  phase)  injury  and  vesicating  injury  with  grafts  of  normal  keratinocytes,  we  are 
now  prepared  to  test  the  effects  of  these  SM  doses  on  grafted  JEB  keratinocytes  (Tasks  3,  5  and 
6).  In  addition,  our  important  observation  that  only  subsets  of  basal  cells  are  targeted  by  early  (6 
hour)  SM  exposure  will  direct  studies  to  determine  the  cellular  and  molecular  basis  for  this 
sensitivity  to  or  protection  from  SM  injury.  By  furthering  our  understanding  of  the  molecular 
basis  of  this  phenomenon  through  studies  described  above  using  in  vitro  models  (Task  8),  we  will 
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attempt  to  genetically  modify  cells  to  augment  their  survival  potential  when  challenged  by  SM. 

If  successful  in  identifying  these  pathways,  we  will  next  graft  tissues  constructed  from  cells 
whose  genetic  modification  would  allow  a  significant  survival  advantage  to  SM  exposure  in  vivo. 

We  feel  that  the  finding  of  selective  basal  cell  damage  and  survival  may  be  a  critical  determinant 
in  the  response  to  SM  exposure  and  we  will  intensively  pursue  the  mechanism  through  which  this 
occurs. 

BODY -PART  THREE 

Task  6:  Assay  the  response  of  organotypic  cultures  and  grafts  to  high,  vesicating  doses  of  SM  and 
conduct  phenotypic  assays  of  wound  healing  response. 


INTRODUCTION  -  Blisters  induced  by  SM  heals  very  slowly  and  can  revesicate  after  healing  This 
wound  healing  response  is  characterized  by  delayed  reepithelialization  of  aberrant  keratinocytes, 
persistence  of  apoptotic  epithelium  in  the  wound  and  disordered  maturation  of  the  reestablished 
epithelium.  In  addition,  the  persistent  loss  of  immunoreactivity  of  laminin  5  after  SM  exposure  suggests 
that  alkylated  fragments  of  laminin  5  may  both  inhibit  reepithelialization  after  injury  and  prevent 
reestablishment  of  normal  BM,  thereby  leading  to  further  ulceration  of  the  epithelium.  Such  altered 
healing  responses  to  SM  injury  are  serious  complications  and  result  in  prolonged  hospitalizations  and 
post-injury  care.  The  mechanism  of  such  altered  wound  healing  must  be  understood  for  the  development 
of  measures  designed  to  accelerate  this  process  to  proceed.  An  ideal  approach  to  study  these  events 
following  SM  injury  to  human  skin  would  be  to  use  tissue  models  which  mimic  the  response  to  wounding 
in  its  in  vivo  counterpart.  We  have  developed  techniques  for  construction  of  a  model  for  wound  healing  of 
human  keratinocytes  in  vitro  which  has  been  generated  by  adapting  organotypic  cultures  to  follow  the 
response  of  stratified  epithelium  to  an  incisional  woud.  Using  this  system,  we  have  previously  found  that  the 
chronology  of  events  during  re-epithelialization  is  similar  to  that  reported  in  skin  during  wound  healing. 
However,  this  model  did  not  contain  components  that  would  normally  be  found  in  an  acute  wound 
environment  that  has  been  exposed  to  SM,  such  as  fibrin  and  fibronectin  and  platelet-derived  products.  In  an 
effort  to  improve  the  organotypic  wounding  model  and  adapt  it  to  study  response  to  SM  exposure,  we  have 
developed  techniques  to  follow  the  response  to  a  wound  generated  in  the  presence  of  serum  components 
which  form  a  clot  immediately  after  wounding.  This  was  accomplished  by  adding  gelled  plugs  of  platelet- 
poor  and  platelet-rich  plasma  directly  to  in  vitro  wounds.  The  presence  of  these  components  accelerated  re¬ 
epithelialization  and  provides  a  more  in  vivo-like  environment  for  studying  the  response  of  wounded 
epithelium  to  SM.  Understanding  the  role  of  mechanistic  factors  involved  in  SM-associated  delay  of 
wound  response  will  allow  planning  and  implementation  of  treatment  designed  to  accelerate  re¬ 
epithelialization  and  enable  more  rapid  reestablishment  of  tissue  integrity. 


7  -  Healing  response  of  wounded  organotypic  culture s  is  accelerate d  in  the  presence.  of  irtvivo  factory 
found  in  clots  gemratedwith  platelet-rich  and  platelet-poor  plasma  -  In  order  to  determine  the  response 
of  wounded  organotypic  cultures  in  the  presence  of  plasma-derived  factors,  the  in  vitro  wound  model 
previously  developed  in  the  laboratory  was  modified  to  include  a  clot  composed  of  platelet-rich  (PRP)  or 
platelet-poor  plasma  (PPP).  This  was  accomplished  by  using  plasma  from  freshly  sampled  blood  from 
volunteers  that  was  centrifuged  (Harvest  Inc.)  to  isolate  the  platelet-rich  and  platelet-poor  plasma 
fractions.  These  fractions  were  mixed  with  calcium  and  thrombin  and  immediately  placed  into  wounds 
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generated  in  organotypic  cultures.  These  components  immediately  gelled  in  the  wound  bed  to  generate 
an  incisional  wound  that  could  undergo  healing  in  the  presence  a  clot  containing  factors  usually  present 
in  acute  wounds  (platelet -derived  factors,  fibronectin  and  fibrin).  Wounds  were  generated  by  incision  of 
an  organotypic  culture  and  were  transferred  to  a  second  collagen  gel.  Wounds  were  allowed  to  re- 
epithelialize  for  48  and  96  hours  and  wound  response  was  compared  to  wounded  controls  which  did  not 
have  serum  factors  added  to  the  wound  bed.  Wounds  were  bisected  and  one-half  was  processed  for 
Hematoxylin  and  Eosin  staining  and  morphologic  study  and  one-half  was  preserved  for 
immunohistochemical  staining. 

Analysis  of  wounded  samples  revealed  that  the  presence  of  both  PPP  and  PRP  greatly  accelerated  re- 
epithelialization  compared  to  control  wounds  grown  without  either  of  these  plasma  products.  At  48  hours 
after  wounding,  wounds  generated  in  the  presence  of  PRP  demonstrated  an  epithelial  monolayer  that  had  just 
completed  covering  the  wound  surface  (Figure  29).  This  was  seen  as  a  thin  cell  monolayer  that  covered  a 
fibrinous,  cellular  material  (PRP)  found  just  beneath  it  (Figure  29,  40X).  A  similar  degree  of  re- 
epitheilalization  was  seen  on  PPP  (Figure  30),  which  showed  a  cell  monolayer  covering  an  acellular, 
homogeneous  material  (PPP).  In  contrast,  wounds  without  PRP  or  PPP  treatment  showed  no  epithelial 
tongue  48  hours  after  wounding  (Figure  31).  By  96  hours,  wounds  covered  with  either  PRP  (Figure  32)  or 
PPP  (Figure  33)  demonstrated  complete  coverage  of  the  fibrinous  material  with  a  multilayer  tissue.  This 
was  evidence  that  the  stratification  phase  of  healing  had  ensued.  In  contrast,  re-epithelialization  in  the 
absence  of  PRP  or  PPP  showed  only  minimal  coverage  of  the  wound,  as  seen  by  the  migrating  tongue  of 
epithelium  that  was  seen  near  the  center  of  the  wound  (Figure  34).  Immunohistochemical  staining  for 
laminin  5  with  a  GB-3  antibody  showed  pericellular  staining  in  cells  at  the  wound  edge  that  had  yet  to  begin 
migration  when  no  PRP  or  PPP  was  present  48  hours  after  wounding.  In  contrast,  wounds  stained  48  hours 
after  incision  demonstrated  deposition  of  laminin  5  at  the  basal  surface  of  their  migrating  tongue  of  cells 
with  either  PRP  (Figure  35)  or  with  PPP  (Figure  36).  A  similar  pattern  of  deposition  was  seen  in  the 
migrating  epithelial  tongue  96  hours  after  wounding  in  the  absence  of  PRP  or  PPP  (Figure  37)  In  contrast, 
laminin  5  was  deposited  along  the  newly  forming  basement  membrane  zone  in  both  PPP-treated  (Figure  38) 
and  PRP-treated  wounds  (Figure  39).  These  results  demonstrated  that  a  more  in-vivo  like  wound 
environment,  that  had  incorporated  serum  components  normally  present  in  a  wound,  was  able  to  greatly 
accelerate  wound  re-epithelialization.  This  modification  and  refinement  of  our  existing  wound-healing 
assay,  is  now  able  to  more  closely  simulate  the  events  that  occur  during  wound  response  after  SM-exposure. 
Since  the  components  present  in  PRP  or  PPP,  such  as  fibrin,  fibronectin  and  serum  and  platelet-derived 
growth  factors,  would  be  expected  to  play  a  role  in  normal  re-epithelialization  and  would  be  damaged  by 
SM,  their  presence  in  simulating  re-epitheliazation  in  response  to  SM  is  critical.  We  are  now  well-poised  to 
begin  to  determine  the  response  of  this  in  vitro  wounding  model  to  SM. 

PROBLEMS  :  No  problems  were  encountered  while  accomplishing  this  work. 

NEXT  :  We  are  now  well-prepared  to  perform  experiments  designed  to  study  the  effects  of  SM  on  the  re- 
epithelialization  of  organotypic  wounds  generated  in  an  in  v/ vo-like  environment.  By  demonstrating  the 
acceleration  of  wound  response  on  a  substrate  that  mimics  the  environment  that  would  be  present  in  an  acute 
wound  following  SM  exposure,  we  will  be  able  to  directly  determine  the  effects  of  SM  directly  on  this 
substrate  and  on  the  delay  of  wound  response.  We  will  first  perform  these  studies  with  normal  keratinocytes 
and  then  on  tissues  constructed  with  JEBV  keratinocytes  (Tasks  6  and  7).  Once  we  determine  the 
phenotype  of  SM-exposed  cells  in  this  environment,  it  will  be  possible  to  directly  determine  response  of 
these  tissues  when  grafted,  wounded  and  exposed  to  SM  (Task  6  and  7). 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

TASK  ONE 

1  -  We  established  dose/time  responses  of  human,  skin-like  tissues  composed  of  normal  keratinocytes 
and  grafted  to  nude  mice  following  exposure  to  SM  vapor.  Strikingly,  these  human  tissue  models  mimic 
previous  studies  performed  in  animals  to  a  high  degree.  Studies  based  on  these  findings  will  shortly  be 
submitted  for  publication. 

2  -  We  have  determined  the  consequences  of  SM  doses  on  the  early,  initial  changes  that  lead  to  selective 
apoptosis  of  basal  cells  and  precede  dermal-epidermal  separation. 

3  -  We  have  identified  characteristic  alterations  in  basement  membrane  components  associated  with 
lesion  formation  when  grafts  of  normal  skin  keratinocytes  were  exposed  to  SM. 

4  -  We  have  found  that  at  relatively  short  intervals  after  SM  exposure  (6h),  a  prevesication  phase  was 
seen  that  demonstrated  early,  initiating  damage  that  was  limited  to  selective  apoptosis  of  the  basal  cell 
layer  that  was  independent  of  SM  dose. 

5  -  We  determined  that  at  longer  intervals  after  SM-exposure  (24h),  a  dose-dependent  vesication  phase 
was  seen  whose  response  to  SM  was  characterized  by  significantly  greater  tissue  damage  that  included 
microvesicle  formation,  cellular  necrosis  and  a  sharp  increase  numbers  of  apoptotic  cells  throughout  the 
tissue 

6  -  We  have  found  that  SM-induced  apoptosis  was  restricted  to  distinct,  subpopulations  of  basal  cells, 
thus  demonstrating  a  mechanism  of  selective  basal  cell  death  in  response  to  SM. 

7  -  We  found  that  short  intervals  after  SM  exposure  (6h)  demonstrated  a  similar  fraction  of  apoptotic 
cells  in  the  tissue  that  was  similar  for  all  doses  applied.  This  suggested  that  a  threshold  number  of  cells 
was  targeted  as  the  “initiating”  lesion  seen  in  response  to  SM. 

TASK  EIGHT 

8  -  We  developed  novel  human,  three  dimensional  tissue  models  that  allow  direct  study  of  the  effects  of 
SM  on  skin-like  tissues  grown  on  purified  extracellular  matrix  and  basement  membrane  components.  As 
a  baseline  for  these  studies,  we  have  found  epidermal  morphogenesis  and  tissue  architecture  were 
dependent  on  the  type  of  BM  or  ECM  protein  present.  These  studies  have  been  summarized  and  will 
shortly  be  submitted  for  publication. 

9  -  We  have  determined  that  the  nature  of  proteins  present  at  the  dermal-epidermal  interface  of  three- 
dimensional  human  tissues  determine  the  level  of  apoptosis  or  cell  survival  in  that  tissue.  This  parameter 
of  cell  death  has  established  its  utility  in  studies  that  will  shortly  begin  to  determine  the  role  of  these 
proteins  in  the  susceptibility  of  skin-like  tissues  to  SM  exposure. 

10  -  We  have  found  that  AKT  survival  signaling  pathways  are  selectively  activated  by  basement 
membrane  components  such  as  Type  IV  collagen  and  are  not  stimulated  by  proteins  that  are  not  found  in 
basement  membrane.  We  expect  to  use  AKT  activity  in  these  tissue  models  as  a  marker  of  keratinocyte 
survival  in  response  to  SM. 

1 1  -  We  have  found  that  the  synthesis,  deposition  and  processing  of  basement  membrane  components 
such  as  laminin  5  is  dependent  on  the  nature  of  the  connective  tissue  substrate  on  which  three 
dimensional  cultures  are  grown.  We  expect  to  use  this  finding  as  a  valuable  marker  as  we  assess  tissue 
response  to  SM. 
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TASK  SIX 

12  -  We  have  developed  an  advanced  wound  healing  model  to  study  the  effects  of  SM  on 
reepithelialization  of  skin-like  tissues  in  the  presence  of  factors  normally  found  in  an  acute  wound 
environment  (platelet-derived  factors,  fibronectin  and  fibrinogen).  This  will  permit  study  of  the  effect  of 
SM  on  these  components  during  wound  healing  in  organotypic  culture  for  the  first  time. 

12  -  We  have  found  that  the  healing  response  in  an  environment  which  mimics  acute  wound  response, 
through  the  presence  of  platelet-derived  factors,  fibronectin  and  fibrinogen,  greatly  enhances  re¬ 
epithelialization  of  wounded  tissues  in  organotypic  cultures.  This  will  allow  direct  determination  of  the 
mechanisms  through  which  SM  may  impede  this  event. 


REPORTABLE  OUTCOMES 

MANUSCRIPTS 

1)  Frank  Andriani,  Alexander  Margulis,  Ning  Lin,  Sy  Griffey,  and  Jonathan  A.  Garlick.  Analysis  of 
microenvironmental  factors  contributing  to  basement  membrane  assembly  and  normalized  epidermal 
phenotype  (In  press,  Journal  of  Investigative  Dermatology ) 

2)  Shari  Greenberg,  Ning  Lin,  John  Petrali,  Tracey  Hamilton  and  Jonathan  A.  Garlick.  Pathogenesis  of 
skin  lesions  caused  by  sulfur  mustard  in  three-dimensional  human  tissues  grafted  to  nude  mice  (in 
preparation) 

3)  Frank  Andriani,  Nadav  Segal,  Ning  Lin,  Larry  Pfeiffer  and  Jonathan  A.  Garlick.  Basement  membrance 
components  are  required  for  epidermal  organization  and  survival  of  human  keratinocytes  in  organotypic 
culture  (in  preparation) 

ABSTRACTS:  Tissue  Engineering  Meeting,  Cold  Spring  Harbor,  2002 

1)  Frank  Andriani,  Alexander  Margulis,  Ning  Lin,  Sy  Griffey,  and  Jonathan  A.  Garlick. 
Microenvironmental  factors  contribute  to  basement  membrane  assembly  and  normalize  epidermal 
phenotype  in  an  improved  human  skin  equivalent  model 

2)  Frank  Andriani,  Nadav  Segal,  Ning  Lin,  Larry  Pfeiffer  and  Jonathan  A.  Garlick.  Basement 
membrance  components  are  required  for  epidermal  organization  and  survival  of  human  keratinocytes 
in  organotypic  culture 

CONCLUSIONS: 

The  long-term  goals  of  our  research  is  to  further  understand  the  initiating  site  of  SM  action  leading  to 
blister  formation  and  delayed  wound  healing  and  to  elucidate  mechanisms  that  direct  these  events.  In  the 
second  year  of  our  research,  we  have  accomplished  several  of  the  tasks  described  in  the  Statement  of 
Work  that  have  significantly  advanced  our  ability  to  accomplish  these  goals.  During  the  course  of  the 
past  year,  our  laboratory  has  extensively  studied  skin  pathophysiology  in  response  to  SM  by  adapting  in 
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vivo,  human  skin/nude  mouse  chimera,  which  display  many  features  of  human  skin,  to  further  our 
understanding  of  mechanisms  of  SM-induced  vesication  of  human  skin.  In  doing  so,  we  have  established 
dose/time  responses  of  these  human,  skin-like  tissues  following  exposure  to  SM  vapor  and  have 
characterized  prevesicating  and  post-vesicating  doses  leading  to  early  cell  injury  that  initiate  events 
leading  to  subsequent  dermal-epidermal  separation.  We  have  accomplished  this  by  establishing  the 
baseline  response  of  grafted  normal  skin  keratinocytes,  which  form  normalized  human  skin,  to  SM  by 
identifying  apoptotic  and  basement  membrane  changes  that  are  associated  with  the  earliest  events  in 
lesion  formation.  Our  studies  have  provided  important  proof  of  concept  that  these  novel  in  vivo,  skin-like 
tissues  can  serve  as  an  excellent  model  to  study  the  pathogenesis  of  SM  injury  on  human  skin.  In 
addition,  these  studies  show  that  the  responses  of  these  human,  skin-like  tissues  mimic  tissue  alterations 
previously  found  in  animal  models  of  SM  injury  of  skin. 

Importantly,  we  have  developed  and  tested  new  tissue  models  designed  to  study  how  basement 
membrane  proteins  alter  SM-induced  selectivity  of  basal  cell  injury  and  how  wound  response  is  impaired 
after  SM  exposure.  These  studies  delineated  key  factors  and  pathways  that  direct  the  survival  and  growth 
of  human,  skin-like  tissues.  Identification  of  these  pathways  will  now  serve  as  an  important  baseline  for 
subsequent  studies  that  will  determine  the  effect  of  SM  on  these  parameters.  We  have  established  that 
basement  membrane  proteins,  but  not  proteins  not  normally  found  in  basement  membrane,  can 
specifically  direct  survival  and  growth  of  human,  three-dimensional,  skin-like  tissues.  In  addition,  we 
have  learned  that  cellular  and  molecular  processes,  such  as  the  processing  of  laminin  5  and  activation  of 
AKT  signaling,  mediate  these  events.  Importantly,  we  expect  that  such  evidence  of  survival-signaling 
mediated  by  basement  membrane  will  help  elucidate  how  the  selective  basal  cell  damage  occurs  upon 
initiation  of  an  SM-induced  lesion.  In  addition,  we  have  refined  our  organotypic  model  of  wound  healing 
to  include  components  found  immediately  after  SM  injury  (fibrin,  fibronectin  and  platelet-derived  factors 
so  that  effects  of  SM  on  re-epithelialization  can  now  be  studied  in  a  more  in  v/'vo-like  environment.  We 
are  well-poised  to  immediately  study  these  events  by  conducting  in  vitro  experiments  in  our  SM- 
approved  research  facility. 
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To  understand  further  the  role  of  the  dynamic  interplay 
between  keratinocytes  and  stromal  components  in  the 
regulation  of  the  growth,  differentiation,  morphogen¬ 
esis,  and  basement  membrane  assembly  of  human  stra¬ 
tified  squamous  epithelium,  we  have  generated  novel, 
three-dimensional  organotypic  cultures  in  which  skin 
keratinocytes  were  grown  in  the  absence  or  presence  of 
pre-existing  basement  membrane  components  and/or 
dermal  fibroblasts.  We  found  that  keratinocytes  cultured 
in  the  presence  of  pre-existing  basement  membrane 
components  and  dermal  fibroblasts  for  9  d  showed  ra¬ 
pid  assembly  of  basement  membrane,  as  seen  by  a 
nearly  complete  lamina  densa,  hemidesmosomes,  and 
the  polarized,  linear  distribution  of  laminin  5  and  a6 
integrin  subunit.  Basement  membrane  assembly  was 
somewhat  delayed  in  the  absence  of  dermal  fibroblasts, 
but  did  occur  at  discrete  nucleation  sites  when  pre¬ 
existing  basement  membrane  components  were  present. 


Microenvironmental  factors,  such  as  the  dynatnr% 
cross-talk  between  epithelium  and  connective 
tissue,  are  known  to  regulate  epidetSpal 
phogenesis  and  homeostasis.  Diffusibte:;fact6rs 
produced  by  keratinocytes  an#* Mesenchymal 
cells  are  known  to  support  epidermal  growth  .andlidiff^tentiation 
through  the  reciprocal  modulation  of  para^in^aMrrg  growth- 
U|  regulatory  factors  (Smola  et  al ,  1993;  ^abicKvski'  et  al,  2000). 
Epithelial-mesenchymal  interactions  have  also » Been  shown  to 
mediate  the  synthesis  of  basement  .membrane  constituents  and 
to  contribute  to  basement  niemb|ap|,,fc|fmation  (Fleischmajer 
et  al,  1998;  Smola  et  al,  1998b).  Interactions  between  keratinocytes 
and  extracellular  matrix  proteins  iLtli^  basement  membrane  zone 
maintain  tissue  integrity ::aind*:mpdulate  keratinocyte  adhesion, 
proliferation,  migration^  and::  iene  expression  (Fusenig,  1994; 
Jones  et  al,  1995).  % 
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No  basement  membrane  developed  in  the  absence  of 
pre-existing  basement  membrane  components,  even  in 
the  presence  of  dermal  fibroblasts.  Bromodeoxy uridine 
incorporation  studies  showed  that  early  keratinocyte 
growth  was  independent  of  mesenchymal  support,  but 
by  14  d,  both  fibroblasts  and  assembled  basement  mem¬ 
brane  were  required  to  sustain  growth.  Normalization 
of  keratinocyte  differentiation  was  independent  of  both 
dermal  fibroblasts  and  structured  basement  membrane. 
These  results  indicated  that  epithelial  and  mesenchymal 
components  play  a  ico-ordinated  role  in  the  generation 
of  structured  basej|i$ut  membrane  and  in  the  regulation 
of  normalized  epilSi|elial  growth  and  tissue  architecture 
in  an  in  vitro  ririodej  of  human  skin.  Key  words:  basement 
metnbrane/tyittieliafemesenehymal  interactions/ 'fibroblasts/ 
laminin  Sjforgdtiotypic  culture .  J  Invest  Dermatol  120:00-00, 
2003,0%%^ 


Epithelial  basement  membranes  are  composed  of  an  intricate 
network  of  extracellular  matrix  proteins  that  interact  at  the  epithe¬ 
lial-stromal  interface  (Cliristiano  and  Uitto,  1996).  Interactions  be¬ 
tween  the  major  constituents  of  basement  membrane,  including 
types  IV  and  VII  collagens,  several  members  of  the  laminin  family 
(laminins  1,  5,  6,  and  7)  and  nidogen,  mediate  basement  membrane 
stability  and  adhesion  through  complex  molecular  interactions. 
For  example,  laminin  5  within  anchoring  filaments  links  a6B4  in¬ 
tegrin  to  type  VII  collagen  to  promote  epithelial  attachment 
mediated  by  hemidesmosomes  (Rousselle  et  al,  1997),  whereas 
laminin  5  complexed  to  laminins  6  and  7  interacts  with  a3fil  to  con¬ 
tribute  to  basement  membrane  assembly  and  stabilization 
(Champliaud  et  al,  1996;  Dipersio  et  al,  1997).  Interactions  between 
type  IV  collagen  and  Bl  integrins  (Fleischmajer  et  al,  1997),  as  well 
as  those  between  these  integrins  and  laminins  (Fleischmajer  et  al, 
1998),  have  been  shown  to  provide  an  early  scaffold  for  basement 
membrane  organization.  Deposition  and  assembly  of  basement 
membrane  is  thought  to  occur  concurrently  with  the  normaliza¬ 
tion  of  epithelial  growth,  morphogenesis,  and  differentiation 
(Bohnert  et  al,  1986;  Marinkovich  et  al,  1993);  however,  mechan¬ 
isms  of  basement  membrane  assembly  that  are  mediated  by 
epithelial  and  mesenchymal  factors  and  the  concomitant  regula¬ 
tion  of  epidermal  phenotype  remain  unclear. 

The  integrated  events  that  occur  during  basement  assembly 
need  to  be  studied  in  biologic  systems  in  which  a  high  degree  of 
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tissue  complexity  can  be  achieved.  For  example,  whereas  the 
synthesis  of  basement  membrane  components  by  keratinocytes 
and  fibroblasts  has  most  commonly  been  studied  in  monolayer 
cultures  (Stanley  et  al ,  1982;  Bohnert  et  al,  1986;  Woodley  et  al, 
1988;  Olsen  et  al,  1989),  keratinocytes  do  not  express  their  differ¬ 
entiated  phenotype  and  signals  from  a  structured  extracellular 
matrix  are  not  present  in  these  cultures.  To  overcome  this  limita¬ 
tion,  three-dimensional  organotypic  cultures,  which  mimic  many 
of  the  itt  vivo  features  of  human  skin,  have  been  used  to  investi¬ 
gate  the  role  of  epithelial-mesenchymal  cross-talk  in  epidermal 
biology  (Marinkovich  et  al,  1993;  Zieske  et  al,  1994;  Fleischmajer 
et  al,  1998;  Smola  et  al,  1998b;  Hildebrand  et  al,  2002);  how¬ 
ever,  the  dynamics  of  basement  membrane  assembly  have  not 
been  fully  explored  due  to  the  failure  of  organotypic  cultures  to 
demonstrate  morphologically  identifiable  basement  mem¬ 
brane  (Prunieras  et  al,  1983;  Bohnert  et  al,  1986;  Grinnell  et  al, 
1986;  O’Keefe  et  al,  1987;  Contard  et  al,  1993;  Ohji  et  al,  1994).  As 
intact  basement  membrane  is  known  to  be  a  critical  signal  for  the 
normal  control  of  epidermal  growth  and  differentiation  (Stoker 
et  al,  1990;  Fleischmajer  et  al,  1993;  Marinkovich  et  al,  1993),  it  is 
important  to  generate  organotypic  tissues  that  can  develop  nor¬ 
malized  basement  membrane  structure. 

In  this  study,  we  have  optimized  the  growth  and  differentiation 
of  skin-like,  organotypic  cultures  by  combining  the  two  compo¬ 
nents  thought  to  be  critical  in  the  normalization  of  epidermal 
homeostasis:  dermal  fibroblasts  and  basement  membrane.  These 
organotypic  cultures  allow  us  to  ask  how  basement  membrane 
components  and/or  dermal  fibroblasts  direct  the  assembly 
and  organization  of  structured  basement  membrane  and  the 
concomitant  normalization  of  epidermal  phenotype.  This  was 
accomplished  by  growing  keratinocytes  on  an  acellular,  human 
dermal  substrate  (AlloDerm)  that  was  repopulated  with  human 
fibroblasts.  We  have  found  that  organotypic  cultures  grown  with 
dermal  fibroblasts  on  pre-existing  basement  membrane  compo¬ 
nents  demonstrated  a  high  degree  of  tissue  normalization  and 
formed  a  structured,  mature  basement  membrane.  In  contrast, 
keratinocytes  grown  in  the  absence  of  pre-existing  basement 
membrane  components  were  well-stratified,  but  did  not  for.itf' 
structured  basement  membrane  and  showed  aberrant  tissue  pr£%, 
nization.  In  the  absence  of  dermal  fibroblasts,  basement.^jem- 
brane  assembly  occurred  at  discrete  initiation  sites,  ass-lbiag' 
pre-existing  basement  membrane  components  were  pieS^nt.  Ma¬ 
turation  of  well-structured  basement  membrane  ^^:fouiS%.to  be 
associated  with  the  linear  deposition  of  the  rece|$or-li:gand  pair 
in  hemidesmosomes,  laminin  5  and  a6  int;^Hn::;:^r^her more , 
sustained  keratinocyte  growth  required  both^inlact  basement 
membrane  and  dermal  fibroblasts,  whereii&iri ofi^Tize d  tissue  dif¬ 
ferentiation  was  independent  of  thes6:^pmponents.  This  novel 
human  tissue  model  recapitulates  t^ii&i&rphology  of  the  w  vivo 
tissue  to  a  large  degree  and  has  faieijitafed  further  clarification  of 
the  contributions  made  by  b f  fire mb r a ne  components  and 
dermal  fibroblasts  to  normal  ^pidefhial  morphogenesis. 

MATi^l^h#;kND  METHODS 

Monolayer  cell  Informal  human  epidermal  keratinocytes  were 

cultured  from  ricwbdth  foreskin  by  the  method  of  Rhcinwald  and  Green 
[Q  (1975)  in  kcrat indfe^te::;foc diu m  described  by  Wu  et  al  (1982).  Cultures  were 
established  through' trypsinization  of  foreskin  fragments  and  grown  on 
irradiated  3T3  fibroblasts.  3T3  cells  were  maintained  in  Dulbeccos 
modified  Eagle’s  medium  containing  10%  bovine  calf  scrum.  Human 
dermal  fibroblasts  were  derived  from  foreskins  and  grown  in  media 
containing  Dulbeccos  modified  Eagle’s  medium  and  10%  fetal  calf  scrum. 

Organotypic  culture  Organotypic  cultures  grown  in  the  absence  of 
pre-existing  basement  membrane  components  (“collagen  raft”  cultures) 
were  prepared  as  previously  described  (Vaccaricllo  et  al,  1999).  Briefly, 
early  passage  human  dermal  fibroblasts  were  added  to  neutralized  type  I 
collagen  (Organogenesis,  Canton,  Massachusetts)  to  a  final  concentration 
of  2.5  X  104  cells  per  mL.  Three  milHHters  of  this  mixture  was  added  to 
each  35  mm  well  insert  of  a  six-well  plate  and  incubated  for  4—6  d  in 
media  containing  Dulbeccos  modified  Eagles  medium  and  10%  fetal  calf 


scrum,  until  the  collagen  matrix  showed  no  further  shrinkage.  At  this 
time,  a  total  of  5  X 105  normal  human  epidermal  keratinocytes  were 
seeded  directly  on  the  contracted  collagen  gel.  Organotypic  cultures  were 
grown  in  the  presence  of  pre-existing  basement  membrane  components 
(“AlloDerm  cultures”)  by  seeding  keratinocytes  on  AlloDerm,  a  dc- 
cpidcrmalized,  acellular  cadaver  dermis  derived  from  human  skin,  which 
was  treated  to  remove  the  surface  epithelium  and  stromal  cells  while  still 
retaining  basement  membrane  components  on  its  surface  (LifcCcll  Corp., 
Branchburg,  New  Jersey).  This  dc-cpidcrmalizcd  dermis  was  layered  on  the 
contracted  collagen  gel  described  above  with  the  basement  membrane 
facing  up,  and  fibroblasts  migrated  from  the  gel  below  into  the 
AlloDerm.  Cultures  were  prepared  in  the  absence  of  fibroblasts  by 
incubating  contracted  collagen  gels  with  distilled  water  for  3  h.  Cultures 
were  maintained  submerged  in  low  calcium  epidermal  growth  media  for 
2  d,  submerged  for  2  d  in  normal  calcium  epidermal  growth  media  and 
raised  to  the  air-liquid  interface  by  feeding  from  below  with  normal 
calcium  cornification  medium  for  an  additional  3-10  d  (Vaccaricllo  et  al, 
1999).  Cultures  were  maintained  for  2,  9,  and  14  d  and  were  performed  in 
triplicate.  For  proliferation  assays,  bromodcoxyuridinc  (BrdU)  (Sigma,  St 
Louis,  MO)  was  added  to  organotypic  cultures  8  h  prior  to  harvesting  at  a 
final  concentration  of  10  pM. 

Immunofluorescence  Specimens  were  frozen  in  embedding  media 
(Triangle  Biomedical,  Durham,  North  Carolina)  in  liquid  nitrogen  vapors 
after  being  placed  in  2  M  sucrose  for  2  h  at  4°C.  Tissues  were  serial 
sectioned  at  6  pm  and  mounted  on  to  gelatin-chrome  alum-coated  slides. 
Tissue  sections  were  washed  with  phosphate-buffered  saline  and  blocked 
with  10  pg  goat  IgG  per  mL,  0.05%  goat  scrum,  and  0.2%  bovine  scrum 
albumin,  vol/vol  in  phosphate-buffered  saline  without  fixation.  Sections 
were  incubated  with  monoclonal  antibodies  to  laminin  5  (GB-3,  Gift  of 
Dr  G.  Mcncguzzi),  a6.;ihtegrin  subunit  (G0H3,  Chcmicon  International 
Inc.,  Temecula,  CalifernMj^  bromo dcoxyu ridinc  (Boehringcr  Mannheim, 
Indianapolis,  Indiiana) ':§iariS::'  filaggrin  (Biomedical  Technologies  Inc., 
Stoughton,  Masseuse#)  and  detected  with  Alcxa  594™ -conjugated 
goat  ant i -rat^rir^d'ti^iribu sc  IgG  (Molecular  Probes,  Eugene,  Oregon). 
Slides  wcre:::|.over||ppcd  with  Vcctashicld  containing  1  pg  per  mL  DAPI 
( VcctoryLab oritoribs ,  Burlingame,  California).  Fluorescence  was  visualized 
using  a  Nikon  Eclipse  600  microscope  and  photomicroscopy  was 
peririrfold  using  a  Texas  Red  filter.  For  routine  fight  microscopy,  tissues 
:$crd?fixe2'  in  10%  neutral  buffered  formalin,  embedded  in  paraffin,  and 
4  )iiihi  sections  were  stained  with  hematoxylin  and  eosin. 

^Transmission  electron  microscopy  Organotypic  cultures  were  ait 

:£into  small  pieces  of  approximately  2x2  mm  and  fixed  in  2% 
glutaraldchydc  in  0.1  M  cacodylate  and  0.1  M  sucrose  at  pH  7.2.  The 
samples  were  then  postfixed  in  2%  osmium  tetroxide  in  0.1  M  cacodylate 
and  1%  tannic  arid  in  0.1  M  cacodylate.  Following  fixation  the  samples 
were  dehydrated  in  graded  ethanol,  cleared  with  propylene  oxide  and 
infiltrated  with  Spurr’s  resin.  Following  polymerization  of  the  resin,  thick 
sections  were  produced  using  a  Reichert  Ultra  cut  E  microtome  and 
sections  were  stained  with  toluidinc  blue  to  determine  orientation.  The 
blocks  were  then  thin  sectioned  at  approximately  90  nm  and  mounted  on 
copper  grids.  Grids  were  stained  with  5%  uranyl  acetate  in  deionized  water 
and  Reynold’s  lead  citrate.  Stained  grids  were  examined  at  various 
magnifications  using  a  Hitachi  H-600  transmission  electron  microscope. 


RESULTS 

Basement  membrane  components  and  dermal  fibroblasts 
optimize  epidermal  morphogenesis  The  organotypic  tissue 
model  was  fabricated  by  growing  human  keratinocytes  on  an 
acellular,  human  dermal  substrate  (AlloDerm)  that  was 
repopulated  with  human  fibroblasts  that  migrated  into  the 
dermis  from  an  underlying  contracted  collagen  gel  (Fig  1-4). 
Keratinocytes  grown  on  AlloDerm  generated  an  epithelium 
with  an  itt  viVo-like  tissue  architecture  after  9  d  (Fig  IB).  In 
the  presence  of  fibroblasts,  these  cultures  demonstrated  an 
orthokeratinized  epithelium  with  polarized,  columnar  basal  cells 
nested  in  rete  pegs  and  well-formed  spinous  and  granular  layers 
(Fig  IB,  layer  A).  The  upper  part  of  the  connective  tissue  showed 
papillary  dermis  composed  of  a  fine,  collagenous  network 
(Fig  IB,  layer  Bl)  and  the  lower  reticular  dermis  composed  of 
denser  collagen  bundles  (Fig  IB,  layer  B2).  Fibroblasts  seeded 
into  the  contracted  type  I  collagen  gel  (Fig  IB,  layer  C) 
repopulated  the  AlloDerm  by  migrating  into  its  lower  surface. 
AlloDerm  tissues  have  been  found  to  retain  the  pre-existing 
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Figure  1.  Schematic  representation  of  the  AlloDerm  culture  model  and  tissue  morphology  of  AlloDerm  cultures.  As  seen  in  ( A ),  a  type  I 
collagen  gel  that  contained  dermal  fibroblasts  ((7)  was  fabricated  and  allowed  to  contract  for  7  d.  AlloDerm,  a  de-cpidcrmalizcd,  acellular  human  dermis 
(B),  was  then  laid  on  this  gel  to  allow  fibroblasts  to  migrate  into  the  dermis.  Twenty-four  hours  later, ^erafinocytcs  (A)  were  seeded  on  the  pre-existing 
basement  membrane  components  present  on  the  surface  of  the  AlloDerm.  Cultures  were  submerged.. lhxinedia  for  4  d  and  then  grown  at  an  air— liquid 
interface  for  either  3  or  10  additional  days.  “Collagen  raft” cultures  were  grown  directly  on  the  collagen  g%(^;  without  the  intervening  AlloDerm  substrate. 
In  (B),  the  morphologic  components  of  the  AlloDerm  culture  model  arc  seen  after  9  d  in  cul tu re.-.  ^orty^keratinized  stratified  squamous  epithelium  is  seen 
that  shows  polarized  basal  cells  and  rctc  pegs  (A).  Basal  kcratinocytes  arc  resting  on  a  papillary  d%iffs  composed  of  fine,  collagen  fibrils  (Bf)  that  is  over- 
lying  a  reticular  dermis  containing  dense  collagen  bundles  (B2).  Beneath  the  dermis  is  the.Qdhjract^  type  I  collagen  gel,  which  was  seeded  with  fibroblasts 
(Q.  Fibroblasts  that  have  migrated  from  the  gel  into  the  dermis.  The  polycarbonate  mimibjfanc  that  supports  these  cultures  is  seen  under  the  collagen  gel. 


basement  membrane  components  types  IV  and  VTI  collagen 
and  laminin  1  on  their  upper  surface  (data  not  shown).  In 
the  absence  of  fibroblasts,  keratinocytes  cultured  for  9  d 
AlloDerm  cultures,  showed  a  thin  epithelium  that  demonstrated., 
all  morphologic  strata  (Fig  2 A).  In  comparison#"  jM'V 
incorporation  of  fibroblasts  (Fig  2 B,  arrows)  into  the se:;:cuil|fif 
resulted  in  a  fully  stratified  epithelium,  which  sho^%:;.nof‘ijmil 
morphologic  differentiation  and  tissue  architecture  (Ftg:.  2 B). 

A  considerably  thinner  epithelium  demonstrating|jess  prominent 
morphologic  strata  was  seen  when  cultures  wefe  gfpwfi  without 
fibroblasts  and  without  pre-existing  B^pi'ent  membrane 
components  (collagen  raft  cultures)  for  2C).  These 

cultures  demonstrated  altered  tissu^|-,#^fei{ecture  that  was 
characterized  by  flattened  basal  c.^l^:;:jiari:%;a  lack  of  clear  tran¬ 
sition  between  morphologic  stra%;;:pi:iiephtrast,  cultures  grown 
without  basement  me nibrane^copipbn ents  but  with  fibroblasts 
for  9  d  showed  a  well-stratified;:;:  epithelium  (Fig  2D).  The 
lower  layers  of  showed  altered  tissue 

organization,  however,  :;;;$ugg^isting  that  pre-existing  basement 
membrane  componer%.  ptes&ht  in  the  AlloDerm  were  needed 
to  polarize  basal,  keratinocytes  and  achieve  optimal  tissue 
architecture. 

When  grown  ofl-  AlloDerm  with  fibroblasts  for  14  d,  the 
epithelium  contffifiibd  to  mature  and  showed  a  well-polarized 
basal  layer  and  surface  hyperorthokeratosis  (Fig  2JF).  In  contrast, 
the  epithelium  remained  thin  when  AlloDerm  cultures  were 
grown  without  fibroblasts  for  14  d  (Fig  2JS),  suggesting  that 
little  growth  had  occurred  beyond  day  9  in  cultures  grown 
without  fibroblasts.  Alterations  in  morphology  were  evident  in 
14  d  cultures  grown  without  fibroblasts  or  basement  membrane 
components  (Fig  2 G).  In  these  cultures,  basal  cells  were  widely 
spaced  and  flattened,  the  surface  layer  was  parakeratotic  and  no 
clear  transition  between  morphologic  strata  could  be  identified. 
Tissue  stratification  improved  when  these  cultures  were  grown 
in  the  presence  of  fibroblasts  for  14  d  but  the  tissue  remained 
highly  disorganized  (Fig  2 H).  A  summary  of  the  morphologic 


:g!p<|j[hgs::;::for  all  cultures  is  seen  in  Table  I.  These  findings 
dfelapnstrated  that  the  presence  of  both  pre-existing  basement 
membrane  components  and  dermal  fibroblasts  were  required  to 
fgenerate  an  epithelium  with  optimal  morphology  and  tissue 
^organization.  Dermal  fibroblasts  were  needed  to  support  full 
stratification,  whereas  basement  membrane  components  were 
required  to  improve  tissue  architecture. 

Pre-existing  basement  membrane  components  direct 
the  assembly  of  structured  basement  membrane  The 

ultrastructural  appearance  of  the  basement  membrane  zone  in 
organotypic  cultures  grown  with  and  without  fibroblasts  and/or 
pre-existing  basement  membrane  components  was  studied  by 
transmission  electron  microscopy  (Fig  3).  No  lamina  densa  or 
basement  membrane  structure  was  seen  when  collagen  rafts  were 
grown  with  fibroblasts  for  9  d  (Fig  3A).  The  dermal-epidermal 
interface  of  these  cultures  showed  electron-dense  condensations 
that  did  not  display  structural  features  of  hemidesmosomes  (Fig 
3A,  arrotvs).  In  contrast,  cultures  grown  for  9  d  on  AlloDerm 
with  fibroblasts  demonstrated  extended  stretches  of  lamina 
densa  (Fig  3  B).  Isolated  areas  showed  hemidesmosomes, 
consisting  of  inner  and  outer  plaques  associated  with  keratin 
filaments  intracellularly  (Fig  3 B,  inset,  white  arrow)  and  fine 
bridging  structures  representing  anchoring  filaments  on  their 
extracellular  surface  (Fig  3 B,  inset ,  black  arrows).  When  grown  in 
the  absence  of  fibroblasts  for  9  d,  however,  AlloDerm  cultures 
did  not  show  a  continuous  lamina  densa,  but  rather 
demonstrated  evenly  spaced  hemidesmosomes  (Fig  3 C).  Under 
higher  magnification,  these  regions  showed  focal  areas  of  lamina 
densa  and  hemidesmosomes  (Fig  3 C,  inset),  which  were  adjacent 
to  keratin  filament  bundles  intracellularly  (Fig  3C,  inset,  white 
arrows)  and  filamentous  structures  that  spanned  to  the  lamina 
densa  (Fig  3C,  inset,  black  arrow).  Further  maturation  of  basement 
membrane  structure  was  seen  by  the  presence  of  a  more 
continuous  lamina  densa  in  AlloDerm  cultures  grown  for  14  d 
without  fibroblasts  (Fig  3D).  Hemidesmosomes  were  seen  at 
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Figure  2.  Morphogenesis  of  stratified  squamous  epilfreimrn  iif  the  presence  or  absence  of  pre-existing  basement  membrane  components  and 
dermal  fibroblasts.  Kcratinocytcs  were  grown  in  organ  dtypicl&ultii  re  for  cither  9  d  (A—D)  or  14  d  ( E—H)  in  the  absence  (C,D,G,H)  or  presence  of 

pre-existing  basement  membrane  components.  Injfib  presi’hte  of  basement  membrane  components  and  fibroblasts,  a  fully  stratified  epithelium  was  seen 
that  demonstrated  normal  morphologic  differentj^fibfivand  fissue  architecture  (£^F),  whereas  cultures  were  considerably  thinner  without  fibroblasts  (/!,£).  In 
the  absence  of  pie-cxisting  basement  membr#  c^impdricnts,  cultures  underwent  greater  stratification  with  fibroblasts  (D)  than  without  fibroblasts  (Q,  but 
both  conditions  showed  altered  tissue  arc|^ti9<:tnir:c  characterized  by  disorganization  of  basal  cells.  These  architectural  alterations  were  more  evident  in  14  d 
cultures  (QU).  M 


Table  I.  Summary  of  morphology^,  basement  membrane  components,  and  assembly,  growth,  and  differentiation  of  organotypic 

epithelia 


regularly  spaceOTiiiervals  (Fig  3D,  dark  arrows)  and  anchoring 
fibrils  were  seen  adjacent  to  the  lamina  densa  (Fig  3D,  white 
arrow).  This  demonstrated  that,  whereas  fibroblasts  could 
accelerate  basement  membrane  maturation,  they  were  not 
required  for  the  development  of  structured  basement  membrane 
as  long  as  pre-existing  basement  membrane  components  were 
present.  Cultures  grown  in  the  presence  of  fibroblasts  for  14  d 
showed  a  lamina  densa  that  was  more  electron  dense  and 
continuous  than  that  seen  in  9  d  AlloDerm  cultures  with 
fibroblasts  (Fig  3£T).  Interestingly,  the  electron-dense  material  of 
the  lamina  densa  in  these  9  and  14  d  AlloDerm  cultures  was 
similar  to  that  seen  on  the  surface  of  AlloDerm  that 
was  analyzed  after  it  was  prepared  and  not  placed  in  culture 


(Fig  3 F).  This  suggested  that  basement  membrane  organization 
took  place  on  this  surface,  which  served  as  a  structural  template 
for  the  assembly  of  basement  membrane.  It  was  concluded  that 
pre-existing  basement  membrane  components,  but  not  dermal 
fibroblasts,  were  required  for  the  assembly  of  structured 
basement  membrane  and  hemidesmosomes.  As  seen  in  collagen 
raft  cultures,  however,  the  presence  of  fibroblasts  alone  was 
not  permissive  for  the  generation  of  a  structured  basement 
membrane. 

Normalized  deposition  of  hemidesmosomal  components 
is  dependent  upon  pre-existing  basement  membrane 
components  and  is  accelerated  by  dermal  fibroblasts  The 
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Figure  3.  Ultrastructural  assembly  of  the  basement  membrari^  fcbne  ln  organotypic  cultures.  Cultures  grown  cither  in  the  absence  (A)  or  presence 
of  pre-existing  basement  membrane  components  (B-E)  were.^'mdied  altfcr  9  d  (A-Q  and  14  d  (D,E).  Cultures  were  grown  cither  with  both  kcratmocytcs 
and  fibroblasts  (A,B,E)  or  with  kcratinocytcs  and  no  fibrphl-asts  (%D).  AlloDcrm  was  also  analyzed  after  it  was  freshly  prepared  without  growing  it  in 
culture  (F).  Electron-dense  condensations  arc  seen  in  thclabsenc#.  of  pre-existing  basement  membrane  components  (A,  arrou>s)  but  no  other  basement  mem¬ 
brane  structures  were  seen  {A).  Lamina  densa  and  h^^di^h«^Onics  were  seen  in  (B),  as  evidenced  by  electron -dense  plaques  (inset)  showing  intracellular 
(white  arrow)  and  extracellular  (black  arrou>)  filamcnftiusi'ii'irueturcs.  Focal  areas  of  well-organized  lamina  densa  and  hemidesmosomes  were  seen  in  (Q  (black 
arrows).  Under  higher  magnification,  these  aic#^hbv^ed:«fgularly  spaced,  electron-dense  plaques  (inset),  which  were  associated  with  intracellular  bundles  of 
keratin  filaments  (inset,  white  arrou>)  and  filariiishtoiis^ructurcs,  which  extended  to  the  lamina  densa  (inset,  black  arrow).  A  more  continuous  basement  mem¬ 
brane  demonstrating  anchoring  fibrils  (gfifti£arr6ii>).  and  hemidesmosomes  (black  arrow)  were  seen  in  (D),  whereas  a  continuous  lamina  densa  was  seen  in  (E). 
Electron-dense  material  was  seen  on  tfi^pjjra Surface  of  freshly  prepared  AlloDcrm,  which  was  not  used  in  cultures  (F,  arrows). 

role  of  basement  membrane  ;;|pmponents  and  dermal  fibroblasts 
in  the  assembly  of  basep^t  %crliibrane  was  also  characterized 
by  determining  the  disi&ibufjjpn  of  laminin  5  and  its  receptor, 
a6p4  integrin,  by  -dnifriri^ohistochemical  stain.  Basement 
membrane  nornteiWmdfa  was  assessed  by  the  degree  to  which 
these  proteins  wfe%  deposited  in  a  polarized,  linear  pattern  at  the 
basement  merifbrarig.  zone.  In  the  absence  of  dermal  fibroblasts, 

9  d  AlloDerm:;:eriitures  demonstrated  a  patchy,  discontinuous 
deposition  of  laminin  5  at  the  dermal-epidermal  interface 
(Fig  4 A).  In  contrast,  cultures  grown  on  AlloDerm  in  the 
presence  of  fibroblasts  for  9  d  demonstrated  continuous  and 
linear  deposition  of  laminin  5  that  was  strictly  polarized  along 
the  basement  membrane  zone  (Fig  4B).  This  suggested  that  the 
normalized  deposition  and  organization  of  laminin  5  was 
accelerated  when  fibroblasts  were  incorporated  into  AlloDerm 
cultures.  In  contrast,  a  discontinuous  pattern  of  laminin  5 
deposition  was  seen  for  cultures  grown  on  collagen  rafts  in  the 
absence  of  pre-existing  basement  membrane  components  both 
without  or  with  fibroblasts.  In  the  absence  of  fibroblasts, 
laminin  5  was  limited  to  the  cytoplasm  of  basal  cells  and  was 


not  deposited  in  the  basement  membrane  zone  after  9  d 
(Fig  4 Q.  The  addition  of  fibroblasts  to  these  cultures  resulted  in 
the  extracellular  deposition  of  laminin  5,  but  the  staining 
distribution  remained  punctate  and  discontinuous  (Fig  4D). 

Even  in  the  absence  of  fibroblasts,  AlloDerm  cultures  showed  a 
polarized  and  linear  distribution  of  laminin  5  after  14  d  (Fig  4 E). 
This  supports  the  view  that  normalized  laminin  5  deposition 
and  basement  membrane  formation  did  not  require  dermal 
fibroblasts,  as  long  as  keratinocytes  were  grown  on  an  inter¬ 
face  containing  pre-existing  basement  membrane  proteins.  In 
contrast,  cultures  grown  without  basement  membrane 
components  but  with  fibroblasts  for  14  d  continued  to  show 
patchy  deposition  of  laminin  5  (Fig  4G,H).When  these  cultures 
were  grown  without  fibroblasts,  only  faint  laminin  5  staining 
was  seen,  suggesting  that  this  protein  had  been  degraded  in  the 
absence  of  fibroblasts  (Fig  4G).  It  appears  that,  whereas  laminin 
5  was  synthesized  in  the  absence  of  pre-existing  basement 
membrane  components,  these  components  were  needed  to  direct 
the  deposition  of  laminin  5  into  the  assembling  basement 
membrane. 
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Figure  4.  Pre-existing  basement  membrane  components  and  fibroblasts  enhance  fhe  deposition  and  polarization  of  laminin  5  and  the  a6 
intcgrin  subunit.  Immunofluorcsccnt  stain  for  laminin  5  was  performed  on  9  and  J4 -if  dtg?p;Siypic  cultures  in  the  presence  of  pre-existing  basement 
membrane  components  with  ( B,F)  and  without  {A,E)  fibroblasts  and  m  the  abs cn cci:jt) j.pf e^xi s ting  basement  membrane  with  {D,H)  and  without  (CJG) 
fibroblasts.  Staining  for  the  ab  intcgrin  subunit  was  performed  on  14  d  organ ot^%ii%rcs  in  the  presence  of  pre-existing  basement  membrane  compo¬ 
nents  with  (/)  and  without  (i)  fibroblasts.  Nine  day  cultures  grown  in  the  pres%c#&f  pre-existing  basement  membrane  without  fibroblasts  (A)  demon¬ 
strated  a  patchy,  discontinuous  pattern  of  laminin  5  compared  with  cultures  grown  %  the  presence  of  fibroblasts  (JB),  which  showed  continuous  and  linear 
deposition  of  laminin  5.  Linear  deposition  was  seen  in  14  d  cultures  that^dniaiped  pre-existing  basement  membrane  components  grown  both  with  (F)  or 
without  (E)  fibroblasts.  In  contrast,  cultures  grown  in  the  absence  of:prM>xis#g  basement  membrane  components  with  (D,H)  and  without  (CQ  fibro¬ 
blasts  demonstrated  laminin  5  expression  that  was  discontinuous  and  pcrfcciitiiar  at  both  9  and  14  d.  The  linear  deposition  of  a6  intcgrin  subunit  was  seen  in 
a  pattern  similar  to  laminin  5  when  14  d  cultures  were  growg;^im|p^;(^  and  with  (J)  fibroblasts  in  the  presence  of  pre-existing  basement  membrane 
components.  ■%  y 


The  distribution  of  the  a6  integrin  sub  u  ni#  cl bsely : j>  aralleled 
that  of  laminin  5  (Tabic  I).  Cultures  g%\yfif  p.n  AlloDerm 
without  fibroblasts  for  9  d  demonstrate^:^t^mn^::  that  was  both 
linear,  yet  pericellular  in  the  suprabasal:%y6ts::.(3iiable  I).  Five  days 
IQ  later  (day  14),  cultures  grown  wi thptl;f:fi brobl asts  showed  further 
basement  membrane  maturation  lii^.^dpnced  by  the  restriction 
of  a6  integrin  to  a  linear  .^d^isferized  distribution  at  the 
basement  membrane  zone  |Fig  i jl)’  This  linear  pattern  was 
similar  to  that  seen  whep^Mtisfe^^ere  grown  in  the  presence  of 
pre-existing  basement  nifcmbf&ne  proteins  and  dermal  fibroblasts, 
both  at  9  d  (Table  d  (Fig  4 J),  suggesting  that  the 

presence  of  dqrtSi?iEj:  f  :>3Bforoblasts  accelerated  the  normalized 
distribution  of  this  protein.  In  contrast,  cultures  grown  in  the 
absence  of  %re-dkisting  basement  membrane  components 
demonstrated  a  pericellular  distribution  without  fibroblasts  and 
a  patchy,  extracellular  deposition  with  fibroblasts  (Table  I). 
These  findings  demonstrated  that  the  spatial  and  temporal 
deposition  of  laminin  5  and  a6  integrin  were  similar  during  the 
maturation  of  the  basement  membrane.  Thus,  the  normalized 
deposition  of  this  inte  grin-ligand  pair  was  fibroblast 
independent,  but  required  the  presence  of  pre-existing  basement 
membrane  components.  The  progressive  maturation  of  basement 
membrane  seen  by  the  transition  from  the  pericellular  and  patchy, 
to  the  linear,  polarized  deposition  of  these  components  in 
AlloDerm  cultures,  closely  matched  the  temporal  sequence  of 
events  through  which  ultrastructural  assembly  of  basement 
membrane  occurred. 


Sustained  keratinocyte  growth  requires  fibroblasts  and 
basement  membrane,  whereas  normalized  differentiation 
is  fibroblast  independent  Growth  of  keratinocytes  in 
organotypic  cultures  was  determined  by  measuring  the 
percentage  of  basal  cells  that  incorporated  BrdU  during  a  8  h 
pulse  [labeling  index  (LI)].  Two  day  after  seeding,  keratinocyte 
cultures  demonstrated  elevated  levels  of  proliferation  regardless 
of  the  presence  of  dermal  fibroblasts  or  basement  membrane 
components  (Fig  5).  These  cultures  showed  LI  between  28  and 
36%,  suggesting  that  the  initial  growth  of  keratinocytes  was 
independent  of  mesenchymal  stimulation.  Only  keratinocytes 
cultured  in  the  presence  of  AlloDerm  and  fibroblasts,  however, 
were  able  to  maintain  proliferative  activity  after  14  d  in  culture. 
Keratinocytes  grown  directly  on  collagen  rafts,  with  or  without 
fibroblasts,  as  well  as  cells  grown  on  AlloDerm  without 
fibroblasts,  showed  a  1.5— 2 -fold  decrease  in  LI  after  9  d 
and  nearly  complete  suppression  of  growth  14  d  after  seeding 
(Fig  5).  In  contrast,  AlloDerm  cultures  grown  for  14  d  with 
fibroblasts  showed  a  LI  that  continued  to  decrease  to  a  range  that 
was  more  similar  to  that  seen  in  vivo,  suggesting  that  full 
maturation  of  basement  membrane  structure  was  coupled  to  the 
normalization  of  keratinocyte  growth.  This  demonstrated  that 
the  presence  of  both  structured  basement  membrane  and  dermal 
fibroblasts  were  required  to  sustain  keratinocyte  growth  in 
organotypic  culture. 

Normalization  of  keratinocyte  differentiation  was  independent 
of  dermal  fibroblasts  and  basement  membrane.  When  grown 
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Figure  5.  Keratinocyte  growth  is  sustained  by  fibroblasts  and  basement  membrane  interactions.  Organotypic  cultures  were  grown  for  2, 9,  and  14 
d  and  pulsed  with  10  mM  BrdU  for  their  last  8  h.  LI  was  determined  by  counting  BrdU-positivc,  basal  cell  nuclei  after  immunohistochcmical  stain  with  an 
ami-BrdU  antibody.  Only  cultures  containing  both  assembled  basement  membrane  and  fibroblasts  were  $le  to  sustain  keratinocyte  growth  for  14  d  (j  ... 
.|  ...  . j).  Cultures  grown  with  fibroblasts  and  without  basement  membrane  components  (?....?... .?),,:^it^>ut  fibroblasts  and  with  basement  membrane 
components  (?  -?  -?),  and  without  either  fibroblasts  and  basement  membrane  components  (?  -?  elevated  growth  initially,  but  no  proliferative 

activity  at  14  d. 
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Figure  6.  Differentiation  of  organotypic  aattur^t;  is  independent  of  pre-existing  basement  membrane  components  and  dermal  fibroblasts. 

Immu  noflu  ores  cent  stain  for  filaggrin  demc)fi|r^ld;*;normal  pattern  of  expression  limited  to  the  stratum  granulosum  and  stratum  corncum  when  cultures 
were  grown  in  the  presence  of  fibroblasts^jjlh  with  {A,B)  or  without  (Q  pre-existing  basement  membrane  components  and  when  cultures  were  grown  in 
the  absence  of  fibroblasts  with  (£>,£)  (F)  pre-existing  basement  membrane  components. 


with  fibroblasts  for  9  d  arid  ili*fetfUaggrin  was  expressed  in  the 
upper  third  of  the  epithffiumgin  a  pattern  similar  to  that  seen  in 
human  skin.  This  was%e:rirffor  both  AlloDerm  cultures  grown 
for  9  d  (Fig  6A\  6 B)  and  for  collagen  raft  cultures 

grown  for  9  d  In  the  absence  of  dermal  fibroblasts, 

AlloDerm  cultures  (Fig  6 D,E)  and  collagen  raft  cultures 
(Fig  6 F)  gro\tf:fe>f6r  9  and  14  d  were  considerably  thinned, 
but  demonstrated  a  normal  pattern  of  filaggrin  distribution. 
These  findings  showed  that  sustained  keratinocyte  growth 
was  dependent  on  the  presence  of  both  structured  base¬ 
ment  membrane  and  dermal  fibroblasts,  whereas  nor¬ 
malized  differentiation  was  independent  of  both  of  these 
microenvironmental  factors. 


DISCUSSION 

We  have  developed  novel  organotypic  cultures  of  human  strati¬ 
fied  squamous  epithelium  to  investigate  how  microenvironmen¬ 


tal  factors  such  as  pre-existing  basement  membrane  components 
and  dermal  fibroblasts  direct  the  organization,  assembly,  and  ma¬ 
turation  of  basement  membrane  and  modulate  epidermal  pheno¬ 
type.  Using  these  engineered  human  tissues,  we  have  found  that 
these  components  play  a  co-ordinated  part  in  the  generation  of  a 
well-structured  basement  membrane,  regulate  keratinocyte 
growth  and  differentiation,  and  normalize  epithelial  tissue  archi¬ 
tecture.  In  the  absence  of  pre-existing  basement  membrane  com¬ 
ponents  such  as  laminin  1  and  type  IV  and  VII  collagen, 
fibroblasts  were  not  sufficient  to  generate  structured  basement 
membrane  or  to  normalize  epithelial  phenotype.  When  these 
proteins  were  present  at  the  time  keratinocytes  were  seeded 
(AlloDerm  cultures),  a  well-structured  basement  membrane 
formed  both  with  and  without  dermal  fibroblasts.  The  incorpora¬ 
tion  of  fibroblasts  into  the  AlloDerm  cultures  accelerated  base¬ 
ment  membrane  assembly,  sustained  keratinocyte  growth,  and 
normalized  epidermal  tissue  architecture.  We  have  achieved  this 
by  repopulating  an  acellular  human  dermis  with  viable  fibroblasts 
that  migrated  from  an  underlying  contracted  type  I  collagen  gel. 
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This  novel,  human  tissue  model  recapitulates  the  morphology  of 
the  in  vivo  tissue  to  a  large  degree  and  contributes  to  our  under¬ 
standing  of  the  role  of  epithelial-mesenchymal  cross-talk  in  the 
normalization  of  basement  membrane  structure  and  the  morpho¬ 
genesis  of  human  skin. 

Our  ultrastructural  and  immunohistochemical  evidence  clearly 
point  to  the  rapid  assembly  of  basement  membrane  when  kerati- 
nocytes  were  cultured  on  AlloDerm  that  was  repopulated  with 
fibroblasts.  Structured  basement  membrane  was  seen  at  9  d  as  a 
nearly  continuous  lamina  densa  and  was  paralleled  by  the  linear 
and  polarized  distribution  of  laminin  5  and  the  a6  integrin  sub¬ 
unit.  In  the  absence  of  fibroblasts,  basement  membrane  assembly 
was  initially  seen  as  regularly  spaced  areas  of  lamina  densa  adja¬ 
cent  to  hemidesmosomes,  which  may  represent  nucleation  sites 
for  basement  membrane  assembly  The  patchy,  but  linear  distri¬ 
bution  of  laminin  5  and  Cf6  integrin  seen  by  immunohistochem¬ 
ical  stain  supports  the  view  that  initial  basement  membrane 
organization  can  occur  at  discrete  sites  (Fleischmajer  et  al ,  1998). 

It  is  thought  that  formation  of  structured  basement  membrane  is 
a  self-assembly  process  (Smola  et  al,  1998b;  Colognato  and  Yurch- 
BB  enco,  2000),  which  occurs  as  the  local  concentration  of  basement 
membrane  proteins  reaches  a  critical  threshold  and  enables  these 
gU  components  to  interact  physically  (Yurchenco  and  O’Rear,  1994). 
Marinkovich  et  al  (1993)  have  shown  that  fibroblasts  play  a  part  in 
this  process  by  secreting  proteins  that  reorganize  the  extracellular 
matrix  or  stabilize  previously  assembled  basement  membrane. 
g|  That  study  showed  that  when  grown  in  organotypic  culture  with 
human  foreskin  keratinocytes,  dermal  fibroblasts  synthesized  and 
deposited  three  major  components  of  basement  membrane:  lami¬ 
nin  1  and  collagen  types  IV  and  VII  (Marinkovich  et  al,  1993).  It 
has  been  shown  that  these  components  need  to  be  assembled 
prior  to  the  formation  of  a  mature  basement  membrane  in  order 
to  bind  to  cell  surface  integrins  and  serve  as  nucleation  sites  for 
the  self-assembly  of  basement  membrane  (Fleischmajer  et  al,  1998). 

Our  finding  of  discrete  sites  of  basement  membrane  organiza¬ 
tion  in  the  absence  of  fibroblasts  strongly  suggests  that  the  pre¬ 
existing  basement  membrane  components  present  on  AlloDerm 
cultures  provided  a  template  on  which  basement  membrane  dep 
velopment  could  rapidly  occur.  It  has  recently  been  shown::that 
hemidesmosomes  form  around  pre-existing  anchoring.|i8tpls::: 
when  foreskin  keratinocytes  were  grown  on  a  de-epid:erina|ize;d:::‘ 
Q  bovine  tongue  connective  tissue  without  fibroblasts  (J%|debiSfid 
et  al,  2002).  Similarly,  cell  suspensions  (Friend  et  al0> 82)  %d  vi¬ 
able  sheets  of  adult  rabbit  corneal  epithelium  (Gi|son  al,  1983; 
Payne  et  al,  2000)  have  been  shown  to  assemble?^ 
rapidly  when  grown  on  corneal  stroma  thafijqqfifains  intact  basal 
laminae.  It  was  found  that  hemidesmosom^  occurred  at 

sites  where  pre-existing  anchoring  fibrill^iiisrted  into  the  lamina 
densa,  suggesting  that  these  were  Ij.j^i^riSigieation  sites  for  hemi- 
desmosome  organization  (Gipson  4983).  We  observed  that  no 
basement  membrane  assembly;;wa;y'%i  when  keratinocytes  were 
grown  in  organotypic  culti&e  without  pre-existing  basement 
membrane  components^; wen;^wii‘en  fibroblasts  were  incorpo¬ 
rated.  Thus,  the  presenc|;  of  |hese  pre-existing  basement  mem¬ 
brane  proteins  p rovi%s’::te:i:i:mp o rtant  permissive  cue  for  the 
rapid  formation.,  Ilill^^jfeuration  of  ultrastructurally  complete 
basement  mepibf%e::% 

We  have  ibeprpo|ated  fibroblasts  into  our  tissue  model  by  fa¬ 
cilitating  their  dug&tion  to  repopulate  a  previously  acellular  der¬ 
mis.  These  fibroblasts  moved  from  the  underlying  contracted, 
type  I  collagen  gel  and  were  retained  in  the  reticular  dermis  (Lee 
et  al,  2000).  We  have  shown  that  epidermal  morphogenesis  and 
growth  were  significantly  compromised  by  the  absence  of  dermal 
fibroblasts.  Similarly,  previous  studies  have  shown  that  keratino- 
cyte  growtli  and  differentiation  were  improved  when  fibroblasts 
BB  were  incorporated  into  dermal  equivalents  (Limat  et  al,  1989;  Ros- 
Bg  dy  and  Clauss,  1990;  Ponec  and  Kempenaar,  1995).  In  addition  to 
the  role  of  fibroblasts  in  the  production  of  basement  membrane 
components,  it  has  been  shown  that  diffusible  factors  produced 
by  fibroblasts  play  a  part  in  extracellular  matrix  metabolism  and 
modulate  keratinocyte  production  of  basement  membrane  com¬ 


ponents  (Smola  et  al,  1998b).  This  may  help  explain  the  more  ra¬ 
pid  assembly  of  basement  membrane  on  AlloDerm  grown  in  the 
presence  of  fibroblasts  when  compared  with  cultures  from  which 
fibroblasts  were  excluded.  The  cooperation  between  specific  fi¬ 
broblast-derived  soluble  factors  and  basement  membrane  assem¬ 
bly  has  recently  been  established  (Li  et  al,  2001). 

Organotypic  tissue  models  have  previously  been  adapted  to 
study  epithelial-mesenchymal  interactions  (Boxman  et  al,  1993; 

Smola  et  al,  1994;  Berking  and  Herlyn,  2001)  on  a  variety  of 
connective  tissue  substrates  that  served  as  dermal  equivalents. 

A  well-stratified  epithelium  was  seen  when  cultures  were  grown 
on  dermal  equivalents  fabricated  as  type  1  collagen  gels,  which 
were  populated  with  fibroblasts  (Bell  et  al,  1981;  Asselineau  et  al, 

1989;  Parenteau  et  al,  1991).  Porous  membranes  seeded  with  fibro¬ 
blasts  or  coated  with  extracellular  matrix  proteins  have  been  used 
to  generate  skin-like  organotypic  cultures  (Rosdy  and  Clauss, 

1990).  Alternatively,  fibroblasts  have  been  incorporated  into  a  JQ| 
three-dimensional  scaffold,  where  these  cells  could  secrete  and 
organize  an  extracellular  matrix  (Fleischmajer  etal,  1998).  Whereas 
organotypic  cultures  of  stratified  epithelium  have  been  shown  to 
express  basement  membrane  components  in  organotypic  culture 
(Prunieras  et  al,  1983;  Bohnert  et  al,  1986;  Grinnell  et  al,  1986;  Con- 
tard  et  al,  1993;  Ohji  et  al,  1994),  limited  success  has  been  achieved 
in  attaining  structured  basement  membrane  (Marinkovich  et  al, 

1993;  Zieske  et  al,  1994;  Smola  et  al,  1998).  As  it  is  known  that  base¬ 
ment  membrane  components  play  a  functional  part  in  the  regula¬ 
tion  of  epidermal  growth  and  differentiation  (Stoker  etal,  1990),  it 
is  important  to  genetate^cultures  that  have  a  well-structured  base¬ 
ment  membrane,;;Fug:lkmore,  it  has  previously  been  shown  that 
the  correct  spati|l  organization  and  polarity  of  basal  cells  was  as¬ 
sociated  wiffLiif^hc^i^iial  hemidesmosomes  and  basement  mem¬ 
brane  integnty  ;|p  owl  in  g  et  al,  1996).  Our  findings  support  these 
ob seryariphy ;as:rin ly  tissues  with  well-structured  basement  mem¬ 
brane  showed  optimal  epithelial  tissue  architecture. 

The  goal  of  organotypic  cultures  of  human  skin  is  to  fabricate 
Snd'jnaintain  a  stratified  epithelium  that  demonstrates  in  Ww-like 
fe&hres  of  epidermal  morphology,  growth,  and  differentiation 
.  (Berking  and  Herlyn,  2001).  We  have  optimized  these  cultures 
Iby  combining  the  two  components  thought  to  be  critical  in  epi¬ 
dermal  normalization:  dermal  fibroblasts  and  structured  base¬ 
ment  membrane.  Dermal  fibroblasts  were  required  to  stimulate 
stratification  and  accelerate  basement  membrane  formation, 
whereas  pre-existing  basement  membrane  components  were  re¬ 
quired  to  initiate  and  promote  basement  membrane  assembly. 

Both  of  these  microenvironmental  factors  were  needed  to  sustain 
keratinocyte  growth  and  optimize  epithelial  architecture.  Our 
cultures  demonstrated  significantly  improved  basement  mem¬ 
brane  organization,  stratification,  growth,  and  differentiation 
when  compared  with  cultures  that  lacked  human  fibroblasts, 
pre-existing  basement  membrane  proteins  or  both  of  these  com¬ 
ponents.  This  novel,  composite  culture  system  mimics  the  essen¬ 
tial  morphologic  features  of  human  skin  to  a  high  degree  and 
demonstrates  that  this  human  culture  model  will  be  a  valuable 
tool  for  future  studies. 
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BASEMENT  MEMBRANE  COMPONENTS  ARE  REQUIRED  FOR 
EPIDERMAL  ORGANIZATION  AND  SURVIVAL  OF  HU^N 
STcTYES  IN  ORGANOTYPIC 

Segal.  Sue  Pawagi,  Ning  Lin,  Lina  Nguyen  and  Jonathan  Garlick  (SUNY  S  y 
Brook,  School  of  Dental  Medicine) 


Enithelial-mesenchymal  interactions  promote  morphogenesis  and  homeostasis  of 
human  skin  However,  the  role  of  individual  basement  membrane  components 
(BMC)  or"  extracellular  matrix  components  (EMC)  on  the  normateadon  of 
epidermal  phenotype  is  not  well-understood.  The  goal  of  this  study  was 
deveto  human  organotypic  tissue  models  to  directly  study  the  role  of  these 
connective  tissue  components  on  epidermal  tissue  architecture  and  keratinocyte 
differentiation  survival  and  growth.  To  accomplish  this,  we  developed  a  novel 
orgSotypt  Sssue  model  bf  growing  human  keratinocytes  on  polycarbonate 
membranes  coated  with  purified  BMCs  or  EMCs >  that were  P**™ >  contacted 
Tvne  I  collagen  eels  populated  with  dermal  fibroblasts.  We 
keratinocyttuf  grown  on  membranes  coated  with  BMCs  (Type  W  collagen  or 
laminin  1)  generated  well-stratified  epithelia  demonstrating  all  morpholog 
!™r  In  Itrast,  tissues  grown  on  EMCs  no,  usually  found  m  teem  " 
membrane  (fibronectin,  Type  I  collagen  and  fibrillar  Type  I  co  lage  ) 
demonstrated  aberrant  tissue  architecture  that  was  characterized  by  non-poiarized 
basal  cells  and  a  poorly-formed  spinous  layer.  Furthermore,  only  keratinocytes 

grown  on  BMCtiemonstrated  a  normalized,  linear  P5«?P^^ePoslt‘on  ®  ® 

Ee^embrane  component  laminin  5  and  an  elevated- . syrtfhesis  and 

Sg  of  the  y2  chain  of  laminin  5  upon  Western  analysfc^h.s 
Enstrfted  that  while  pre-existing  BMCs  enabled  proper ^  organtzation 
/basement  membrane,  EMCs  were  not  permissive  for  such  assembly.  In  5  i 
(tUNEL  assay  revealed  that  no  TUNEL-positive  keratinocytes  were  seen  intt 
''^Tlayer  when  culmres  were  grown  on  BMCs  while  elevated, JeveT of 
Stained  cells  were  seen  in  a  basal  position  for  tissues  generated  on 
EMCs  This  showed  that  BMCs  such  as  Type  IV  collagen  promo  ed 
keratinocyte  survival.  Expression  of  markers  of  keratinocyte  dl1ff®rxe.n!,1  * , 
(keratin  10  and  filaggrin)  were  normalized  for  tissues  grown  on  both  BMCs  and 
EMCs  suggesting  that  keratinocyte  differentiation  was  independent  of  thes 
msc  studies  have  demonstrated  that  BMCs  are  cgtic^ 
microenvironmental  factors  that  are  needed  to  sustain  keratinocyte  survival  an. 
rvptimiyp  enithelial  architecture.  This  human  culture  model  a  lows  fesectm^f 
Z  rnlft  of  connive  tissue  comnonents  on  the  regulation  of ep  toll 
nhpnntvne  and  will  he  a  valuable  tool  for  future  studies  in  epidermal  biology 
(Supported  by  grants  #2ROlDE01 1250-06  from  the  National  Institutes  ofDenta 
md  Saniofaci^Research,  #DAMMD1 7-01 -1-0688  from  the  US  Army  Medical 
Research  and  Materiel  Command.) 
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MICROENVIRONMENTAL  FACTORS  CONTRIBUTE  TO 
BASEMENT  MEMBRANE  ASSEMBLY  AND  NORMALIZE 
EPIDERMAL  PHENOTYPE  IN  AN  IMPROVED  HUMAN  SKIN 
EQUIVALENT  MODEL 

Frank  Andriani,  Alexander  Margulis,  Ning  Ling,  Jackie  Garfield*,  Larry 
Pfeiffer,  Sy  Griffey*,  and  Jonathan  Garlick  (SUNY  Stony  Brook,  School 
of  Dental  Medicine,  *Life  Cell  Inc.) 

To  further  understand  the  role  of  the  dynamic  interplay  between 
keratinocytes  and  stromal  components  in  the  regulation  of  the  growth, 
differentiation,  morphogenesis  and  basement  membrane  assembly  of 
human  stratified  squamous  epithelium,  we  have  generated  novel,  three- 
dimensional  organotypic  cultures  in  which  skin  keratinocytes  were  grown 
in  the  absence  or  presence  of  pre-existing  basement  membrane 
components  and/or  dermal  fibroblasts.  We  found  that  keratinocytes 
cultured  in  the  presence  of  pre-existing  basement  membrane  components 
and  dermal  fibroblasts  for  9  days  showed  rapid  assembly  of  basement 
membrane,  as  seen  by  a  nearly  complete  lamina  densa,  hemidesmo  somes 
and  the  polarized,  linear  distribution  of  laminin  5  and  a6  integrin  subunit. 
Basement  membrane  assembly  was  somewhat  delayed  in  the  absence  of 
dermal  fibroblasts,  but  did  occur  at  discrete  nucleation  sites  when  pre¬ 
existing  basement  membrane  components  were  present.  No  basement 
membrane  developed  in  the  absence  of  pre-existing  basement  membrane 
components,  even  in  the  presence  of  dermal  fibroblasts.  BrdU- 
incorporation  studies  showed  that  early  keratinocyte  growth  was 
independent  of  mesenchymal  support,  but  by  14  days,  both  fibroblasts  and 
assembled  basement  membrane  were  required  to  sustain  growth. 
Normalization  of  keratinocyte  differentiation  was  independent  of  both 
dermal  fibroblasts  and  structured  basement  membrane.  These  results 
indicated  that  epithelial  and  mesenchymal  components  play  a  coordinated 
role  in  the  generation  of  structured  basement  membrane  and  in  the 
regulation  of  normalized  epithelial  growth  and  tissue  architecture  in  an  in 
vitro  model  of  human  skin  (Supported  by  grants  #2ROlDE01 1250-06 
from  the  National  Institutes  of  Dental  and  Craniofacial  Research, 
#D  AMMD 17-01-1  -0688  from  the  US  Army  Medical  Research  and 
Materiel  Command  and  LifeCell  Inc.) 
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Figure  3 


Figure  4 
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Figure  6A 
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Figure  1 1  Phenotypic  properties  of  epithelial  tissues  grown  on  ECM  components 


BM  -  basement  membrane,  HFF  human  foreskin  fibroblasts 

***** .  fU||  stratification,  ***  -  moderate  stratification,  **  -  little  stratification 

pc  -  pericellular  staining  only,  sb  -  suprabasal  staining 

+++  -  strong  staining,  ++  -  moderate  staining 


Figure  12  Laminin  I 


Figure  13  Collagen  7 


Figure  14  Collagen  4 
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Figure  15  Keratin  I 


Figure  16 
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